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Abstract—This article presents a wideband phaseless source
reconstruction method (SRM) for the evaluation of the radiated
emissions from printed circuit boards (PCBs) in shielding enclo-
sures. The PCBs are modeled with equivalent dipoles, and the
numerical Green’s function (NGF) is deployed to establish the
relationship between the equivalent source and the input near-field
(NF) data, thus the electromagnetic influences of the surround-
ing environments comprehensively accounted. This method only
requires magnitude-only NF scanning over a single plane, thus
significantly decreasing the NF measurement difficulty. To remedy
the lack of phase information of the NF data, the input NF data
are equally divided into two groups with a uniform distribution
strategy, and then the phase of NF data can be retrieved via an
iterative approach. Moreover, with the objective of improving the
convergence of the iterative SRM procedure, the initial phase of the
NF data is set as the same as the NGF. In addition, a cubic-spline-
algorithm-enhanced adaptive frequency sampling strategy is ap-
plied for source reconstruction in a wide frequency band, which
avoids repetitively implementing the SRM at every frequency, thus
saving a large amount of CPU time. To validate the effectiveness
of the proposed wideband phaseless SRM, several representative
numerical examples are investigated, in which both the NF and the
far-field radiated emission are evaluated.

Index Terms—Adaptive frequency sampling (AFS), numerical
Green’s function (NGF), phase retrieval, printed circuit boards
(PCBs) in shielding enclosure, single-plane phaseless near-field
(NF) scanning, Tikhonov regularization, wideband phaseless
source reconstruction.

I. INTRODUCTION

T
HE increase of integration level and complexity of modern

electronic systems has brought about more challenges

to electromagnetic compatibility (EMC) and electromagnetic

interference (EMI) design. Radiated emission tests are necessary

for the analysis of EMI problems. However, standard far-field

(FF) tests performed in the open-area test site or semi-anechoic
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chambers require a high cost of time and money [1]. As a

result, near-field (NF) to FF transformation algorithms based

on convenient NF measurements have been developed to solve

the problem [2].

Source reconstruction method (SRM) is a popular technique

widely applied to NF–FF transformations [3], [4], [5]. The

radiated field at any point in free space can be calculated by

reconstructing the equivalent source over the surface of a device

under test (DUT) from NF data [6]. With the assistance of SRM,

the original circuit structure can be replaced by equivalent cur-

rents or dipoles while generating the same electromagnetic radi-

ation [7]. Compared to continuous equivalent currents, discrete

equivalent dipoles are generally more often used in practical

EMC problems for less computational cost. In addition, the

equivalent dipole model can be easily imported into full-wave

simulation software for further analysis [8].

Shielding enclosures are widely used to suppress EMI in

practical engineering scenarios. Modeling radiated emissions

from printed circuit boards (PCBs) inside the enclosure is a

challenging problem. A dipole-dielectric-conducting equivalent

source model is proposed in [9], which is reconstructed in free

space, and then, placed in the shielding enclosure for radiated

emission estimation. However, the effects of the shielding en-

closure are not considered in the source reconstruction process,

which degrades the reconstruction accuracy. The SRM in [10]

uses equivalent electric and magnetic currents expanded by the

Rao–Wilton–Glisson (RWG) basis function to model the radi-

ated emissions, while it has the same limitation. In [11], a novel

NGF-based SRM is proposed to accurately characterize the

emissions of electronic circuits within shielding enclosures. The

NGF is used in this method to establish the relationship between

equivalent dipole moments and input NF data. This model takes

the coupling between the board and the shielding enclosure into

consideration, which addresses limitation of previous models.

This method can not only accurately calculate the radiation FF

outside the shielding enclosure but also effectively predict the

NF inside the cavity. However, it should be noted that this method

is applicable only for the NF data that includes both amplitude

and phase information.

The aforementioned SRMs require both magnitude and phase

information to build up a linear relationship between the input

NF data and equivalent source. However, the acquisition of

phase information requires more complicated measurement and
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calibration process compared with direct magnitude measure-

ments [12]. Accurate phase measurements are difficult to realize

at high frequencies. As a result, SRM based on magnitude-only

NF data has gradually become a research focus. The lack of

phase information results in a set of nonlinear equations in

the source reconstruction process, which brings about great

challenges to obtaining accurate solutions. A common approach

to solving nonlinear problems is using global optimization algo-

rithms, such as genetic algorithms [13], differential evolution al-

gorithms [14], and particle swarm optimization algorithms [15].

However, the computational cost of these global optimization al-

gorithms increases dramatically with the increase of unknowns,

i.e., the number of equivalent sources. For complex electronic

circuits requiring a large number of equivalent dipoles, the global

optimization algorithms are not applicable. Another effective

method to solve this problem is phase retrieval. In [16] and [17],

the missed phase information is retrieved in an iterative fashion

using the NF data sampled from two parallel planes. In this way,

the number of equivalent dipoles is unlimited. However, it is

time consuming to perform NF scanning over two planes. Neural

networks have been employed in phaseless SRMs due to their

powerful capability of handling nonlinear problems [18], [19],

while they also require two-plane NF scanning for the effective

training. An improved SRM based on single-plane NF scanning

is proposed in [20]. By interpolating the sampled NF, two

groups of NF data are obtained, i.e., the sampling group and

interpolation group. The parameters of equivalent dipoles are

determined through an iteration process between the two groups,

where the singular value decomposition algorithm is used to

solve the inverse problem. The SRM proposed in [21] offers a

convenient approach as it also only necessitates phaseless NF

data acquired from a single plane in order to solve equivalent

sources. This method constructs a nonlinear cost function based

on integral equations, and utilizes the Born iteration algorithm

and regularization techniques to minimize the cost function

and obtain a solution for the ill-posed nonlinear system. With

the assistance of this method, there is no need for iterative

calculations between two sets of NF data to solve the equivalent

source. These methods only require NF scanning over a single

plane, thus shortening the scanning time to half of conventional

methods. However, no such methods have been developed for

phaseless SRM in shielding environments.

In practical application, it is necessary to evaluate radiated

emissions in a wide band. However, the direct implementation

of SRM at multiple frequency points result in repetitive compu-

tations and prohibitive computational cost. The wideband SRM

proposed in [22] uses the Stoer–Bulirsch algorithm with adap-

tive frequency sampling (AFS) to interpolate the reconstructed

equivalent sources at some preset frequency points and obtains

the equivalent source model in a whole frequency band. A wide-

band phaseless SRM is proposed in [23], where the parameters

of equivalent dipoles are determined using the differential evolu-

tion algorithm. The phaseless NF scanning is performed at three

preset frequency points. The equivalent source at any frequency

point in a wide band is solved by interpolating the equivalent

source at the aforementioned predetermined frequency points.

However, the effectiveness of the algorithm in reconstructing the

radiated field of electronic circuits inside a shielding enclosure

still needs to be verified.

Fig. 1. Geometry of the proposed equivalent source model of the PCB in the
shielding enclosure. (a) Geometry of the original circuit model in the shielding
enclosure. (b) Geometry of the proposed equivalent dipole model.

In this article, a wideband SRM merely relying on single-

plane phaseless NF scanning is proposed to characterize radiated

emissions from PCBs in shielding enclosures. In the proposed

phaseless SRM, only the magnitude of the NF data over a

single plane is required, thereby dramatically alleviating the

NF sampling difficulty and simultaneously reducing the NF

sampling time. To imitate the realistic electromagnetic (EM)

environments, the NGF [24] taking into account the electromag-

netic effects of the shielding enclosure is deployed to build up the

relationship between the sampled NF data and the reconstructed

equivalent source located in the shielding enclosure. In order

to treat the lack of phase information, the sampled NF data are

equally divided into two groups, then the phase information can

be retrieved using an iteration method. Besides, with the aim

to speed up the convergence of the iterative SRM, the initial

phase of the NF data is set as same as the NGF. In addition,

for wideband radiators, an effective wideband equivalent source

model is achieved through the use of cubic spline interpolation

algorithm together with adaptive frequency sampling (AFS).

The proposed SRM enables effective estimation of the wide-

band radiated emissions from PCBs in shielding enclosures via

single-plane NF scanning.

The rest of this article is organized as follows. Section II elab-

orates on the methodology. Section III presents three numerical

examples to validate the proposed method for both NF and FF

reconstruction. Finally, Section IV concludes this article.

II. METHODOLOGY

The proposed wideband phaseless SRM consists of two steps.

In the first step, an iterative strategy is applied to recover the

phase information of the magnitude-only near-field scanning

data. In the second step, an AFS-assisted interpolation method

is employed to obtain a wideband equivalent source model,

thus enabling the estimation of radiated emissions in a wide

frequency band. In this section, the two steps are described in

detail.

A. Iteration Method for Phase Retrieval

As illustrated in Fig. 1(a), the circuit board is placed within

a shielding enclosure in the original scenario. The NF data

are measured over a plane above the shielding enclosure by a

magnetic loop probe. As shown in Fig. 1(b), an array of oriented

equivalent magnetic dipoles with arbitrary polarization direction

serving as the equivalent source is directly placed over the

substrate surface of the PCB located inside a shielding enclosure.

In this way, the interactions between the equivalent source,
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the substrate, and the shielding enclosure are fully considered.

To simplify the computation, each equivalent magnetic dipole

is decomposed into two components: x -component M
x and

y-component My . Then, the radiated magnetic field generated

by a magnetic dipole can be expressed as follows [25]:

H(r) = G(r, r′) ·M (1)

where G(r, r′) is a Dyadic Green’s function (DGF), and r

and r
′ are positions of measurement point and source point,

respectively. Due to unavailability of analytical form of the

DGF in complex EM environment, a numerical Green’s function

(NGF) is deployed. In this work, the DGF is calculated by the

method of moments (MoM) algorithm [26]. According to (1),

the relationship between equivalent dipoles and input NF data

can be established by point matching as follows:

GM = H (2)

whereG is the matrix of NGF for equivalent dipole components,

M is moments of equivalent dipoles, andH denotes the sampled

magnetic NF data obtained from single-plane NF scanning. To

ensure accuracy of solution of (2), the number of measurement

points is usually set as larger than the number of equivalent

dipoles. As a result, the solution of (2) is overdetermined.

Thus, the least-square method (LSM) is applied to solve this

overdetermined equation as follows:

M̂ = argmin
M

‖GM−H‖2 (3)

where ‖ • ‖ is the Euclidean norm. Due to the ill-posed prop-

erty of the inverse problem, the solution of (2) is sensitive to

variation of the coefficients in the equation [27]. To overcome

this problem, the Tikhonov regularization technique is applied

by adding a quadratic penalty term based on (3) as follows [28]:

M̂ = argmin
M

‖GM−H‖2 + µ‖LM‖2 (4)

where L is Tikhonov matrix, which is nonnegative and semidef-

inite, and µ represents the regulation parameter that controls the

relative weight of the penalty term with a positive value. If the

null spaces of G and L intersect trivially, then the closed form

of M in (3) can be expressed as follows [29]:

M̂ =
(

G
†
G+ µL

)−1
G

†
H (5)

where the superscript † indicates complex conjugate transpose.

When the value ofµ=0, the form of (5) simplifies to the standard

form of solution obtained through the traditional LSM, which is

shown in (3).

In this article, the standard form of Tikhonov regularization is

utilized to effectively solve the ill-posed inverse problem, where

L is set as the identity matrix. The Tikhonov regularization

technique is highly effective in mitigating the impact of noise

and measurement errors in source reconstruction problems. Gen-

eralized cross validation (GCV) is applied to seek the optimal

choice of regularization parameter µ in (5) as follows [29]:

µGCV = argminG(µ) (6)

Fig. 2. Illustration of the partition of sampled NF data for the following
iterative phase retrieval.

while

G(µ) =
‖(I−A(µ))H‖2

{tr(I−A(µ))}2
(7)

and

A(µ) = G
(

G
†
G+ µL

)−1
G

† (8)

where I is identity matrix. Since the closed form of µ cannot be

expressed directly, an approximate value of µ is found from a

set of likely values by evaluatingG(µ). In the proposed method,

the golden section search technique [30] is utilized to effectively

search for the optimal value of µ.

In the proposed model, the sampled NF data contains only

magnitude information. As a result, (2) becomes nonlinear. To

address this issue, a novel iteration method is developed to

retrieve phase information from magnitude-only NF data. As

shown in Fig. 2, the NF data obtained from the scanning plane

are evenly divided into two groups in terms of the spatial position

of the sampling points, where the NF data in two groups appears

alternatively and both are distributed in the whole NF sampling

region, which ensure every group data possess a global property.

In the first step of iteration method, an assumed initial phase is

added to the first group of NF data. It is important to note that

the accuracy of the assumed initial phase plays a crucial role in

ensuring the convergence of the proposed iteration method [31].

In many previous works, the initial phase is commonly set as

zero [16], [20]. However, in this work, the initial phase of NF

data is set as the same as NGF, which strikingly improves the

convergence performance of the phaseless source reconstruction

process. The effectiveness of this phase initialization strategy is

presented in Section III.

After making the initial phase assumption, (2) can be solved

directly using the aforementioned Tikhonov regularization tech-

nique combined with GCV based on NF data of the first group.

However, at the early stage of the iteration process, the solution

of the equivalent source may be inaccurate due to the lack of

phase information of sampled NF data. To evaluate the accuracy

of reconstructed NF data, an error function is defined as follows:

σ =
‖|Hnew| − |Hmeas|‖

‖|Hmeas|‖
(9)

whereHmeas represents the NF data obtained from NF scanning,

H
new represents the NF data calculated by the equivalent source

obtained from the proposed iteration method, and | • | denotes

magnitude of field data. If the value of the error function σ

described previously satisfies a predefined stop criterion σt or

the predefined iteration number is achieved, the iteration process

will be terminated. Otherwise, the magnitude of the calculated
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Fig. 3. Flowchart of the proposed iteration method to retrieve phase informa-
tion from magnitude-only NF data.

NF data will be replaced by the measured field, while the phase

information will be retained after completing one iteration step,

i.e., |Hnew|ejφ
new

⇒ |Hmeas|ejφ
new

. The detailed process of the

proposed iteration method is shown in Fig. 3. The equivalent

source at any single frequency point within the entire working

band can be obtained by following the iteration steps mentioned

previously.

B. Interpolation Algorithm for the Wideband SRM

The equivalent dipole sources acquired in Section II-A allow

for the estimation of radiated emissions at the investigated

frequency point. Nevertheless, the electronic devices typically

operate over a wide frequency range. To achieve the wideband

radiated emission modeling, the cubic spline interpolation algo-

rithm is employed in this work [30]. This algorithm is a powerful

numerical method used to approximate smooth curves based on

a given set of data points. Its effectiveness is particularly notable

in solving wideband source reconstruction problems.

In the proposed method, the cubic spline interpolation algo-

rithm is directly applied to the acquired equivalent sources at

a predetermined set of supporting frequency points, denoted

as f1, f2, . . ., fn. The equivalent dipole moments at the cor-

responding frequency points are defined as M1,M2, . . .,Mn,

respectively. Then, the equivalent dipole moments can be de-

composed to real part and imaginary part as Mi = m
r
i + jmi

i

(i = 1, 2, . . ., n), where m
r
i is the real part of Mi and m

i
i is

the imaginary part of Mi. Then, the interpolation function for

real part Sr(f) and imaginary part Si(f) is constructed, respec-

tively. Finally, the equivalent dipole moment can be obtained

by S(f) = Sr(f) + jSi(f). Here, Sr(f) is taken as an exam-

ple to demonstrate the solution of the interpolation function.

The function Sr(f) can be expressed as a piecewise function

consisting of cubic polynomials that ensure consecutive first

and second derivatives. We can define the function as follows

(i = 1, 2, . . ., n− 1):

Sir(f) = ai(f − fi)
3 + bi(f − fi)

2 + ci(f − fi) + di (10)

where Sir(f) satisfies following condition:

Sir(fi) = m
r
i (i = 1, 2, . . ., n− 1)

Sir(fi+1) = m
r
i+1 (i = 1, 2, . . ., n− 1)

Si
′

r (fi+1) = Si+1′

r (fi+1) (i = 1, 2, . . ., n− 2)

Si
′′

r (fi+1) = Si+1′′

r (fi+1) (i = 1, 2, . . ., n− 2).

Then, the global interpolation function can be written as

Sr(f) = Sir(f) (i = 1, 2, . . ., n− 1) for fi ≤ f ≤ fi+1. Simi-

larly, Si(f) can also be determined using the same interpolation

method. Therefore, it is possible to construct a smooth curve that

passes through all the supporting frequency points. As a result,

the cubic spline interpolation algorithm provides a smooth and

continuous approximation to the equivalent dipole moments in

a wide band.

To enhance the efficiency of the interpolation algorithm, an

AFS strategy [22] is employed in this work. The AFS is a bisec-

tion process until a termination criterion is achieved, which helps

optimize the interpolation process and minimize the number of

frequency points required in the interpolation algorithm. First,

a coarse initial frequency step ∆f is set to generate frequency

points that are uniformly distributed throughout the entire work-

ing band. The solutions of (2) at these frequency points are

kept as the initial data of the cubic spline algorithm. Then,

the new frequency points fnew are generated by fnew = fi+fi+1

2

at every subinterval (fi, fi+1), i = 1, 2, . . ., n− 1. After gen-

erating the new frequency points fnew, the equivalent dipole

moments obtained by solving (2) at fnew are denoted as Mnew

and the solutions obtained from the cubic spline interpolation

algorithm at corresponding frequency points are denoted asMc.

To determine whether the bisection process can be terminated,

an error function is defined as follows:

σ =
‖Mnew −Mc‖

‖Mnew‖
. (11)

When the error function σ becomes smaller than the prede-

fined threshold ε, the bisection process is terminated in the

current subinterval, and then, moves to next subinterval. After

the convergence criterion is achieved in every subinterval, all

generated frequency points are kept as supporting points for

the cubic spline interpolation algorithm. Finally, the equivalent

source at any frequency point in the working band can be

obtained by applying cubic spline interpolation algorithm with

the aforementioned supporting frequency points determined by

the AFS strategy.

The entire procedure of the proposed wideband SRM based

on magnitude-only NF data can be summarized as follows:

1) Setting an initial sampling interval ∆f to generate

uniformly distributed frequency points and obtaining

magnitude-only NF data from one sampled plane at afore-

mentioned frequency points.

2) Dividing the sampling NF data into two groups according

to the method shown in Fig. 2. Performing iteration steps
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Fig. 4. (a) Geometry of the PCB in the first numerical example (a = 10 cm,
b = 5 cm, l = 8 cm, d = 4 cm, and w = 3.58mm). (b) Structure of the shielding
enclosure with two slots (a = 15 cm, b = 10 cm, h = 5 cm, l1 = 6 cm, d1 =

3.5 cm, w1 = 3 cm, l2 = 3 cm, d2 = 1.75 cm, and w2 = 1.5 cm).

proposed in Section II-A based on the aforementioned

two groups of NF data. Finally, solving for the equivalent

source at every sampling frequency point obtained from

step 1.

3) Using interpolation algorithm integrated with the AFS

technique proposed in Section II-B to effectively deter-

mine the set of supporting frequency points.

4) Using the cubic spline interpolation algorithm based on

supporting frequency points obtained from step 3 to calcu-

late moments of equivalent dipoles at arbitrary frequency

point in the working band. Then, the radiated NF and FF of

electronic circuits placed in shielding enclosure can be re-

constructed with the proposed method. Then, the radiated

field generated by the original circuit structure including

NF and FF can be obtained by full-wave simulations or

calculated according to the relationship in (2).

III. NUMERICAL RESULTS

In this section, three numerical examples are shown to validate

the proposed SRM in near- and far-field reconstruction. The

working frequency is set as from 1 to 4 GHz and the initial

sampling interval ∆f is set as 500 MHz. The equivalent dipoles

are equally placed over the substrate of the PCB with the number

equal to 25. The x -component and y-component of the magnetic

NF data are sampled as the inputs of the proposed SRM. The

input NF data are set with sufficient sampling number to ensure

the accuracy of the algorithm while considering sampling cost

at the same time. The size of the sampling plane is set as 1.5∼2

times larger than the size of substrate to collect sufficient electro-

magnetic information [10]. Due to the lack of NF measurement

equipment, the sampled NF data in this work are obtained via

full-wave simulation by a commercial software FEKO. The

effectiveness of the proposed phase initialization method is also

investigated.

A. PCB With a C-Shaped Transmission Line in a Shielding

Enclosure With Two Slots

In this example, a PCB with a C-shaped line is shown in

Fig. 4(a). A 1-V voltage source is placed at port 1, while a 50-Ω
resistor is terminated at port 2, which is the same as the source

resistance. The thickness of the substrate is 2 mm. The material

of the substrate is FR4 with the εr of 4.35. The transmission lines

on the PCB are assumed to have zero thickness and infinity con-

ductivity. As shown in Fig 4(b), the PCB is positioned centrally

Fig. 5. Reconstructed error (in decibel) of two different phase initialization
methods in the first numerical example.

TABLE I
INTERPOLATION ERROR OF THE PROPOSED SRM AT CENTRAL FREQUENCY

POINTS OF EVERY SUBINTERVAL IN THE FIRST NUMERICAL EXAMPLE

above the inner bottom of a shielding enclosure with two slots

at top surface and right surface, respectively. The thickness of

the shielding enclosure is set as 2 mm. The input NF data are

sampled from a plane 6 cm with the size of 20 cm×15 cm above

the ground plane. The number of sampling NF points is 1 271

with the resolution of 5 mm.

The comparison of the aforementioned two phase initializa-

tion methods is shown in Fig. 5. It is evident that our proposed

phase initialization method leads to a faster convergence rate

compared to simply setting the initial phase as zero.

In this example, the supporting frequency points are fs = {1,

1.125, 1.25, 1.375, 1.5, 1.625, 2, 2.25, 2.375, 2.4375, 2.5, 2.5625,

2.625, 2.75, 2.875, 2.9375, 3, 3.125, 3.1875, 3.25, 3.375, 3.4375,

3.5, 3.5625, 3.625, 3.75, 3.875, 4} GHz. The error functions

defined in (11) at the midpoint of every subinterval generated

by the above supporting frequency points are shown in Table I.

The average value of the error function σmean is 3.83%.

To have a quantitative understanding of the accuracy of the

reconstructed field calculated by the equivalent source, a mean-

squared-error (mse) function is defined as follows:

σmse = 20 log
‖|Hcal(r)| − |Href(r)|‖

‖|Href(r)|‖
(12)

where Hcal and Href are magnetic field data calculated by

the proposed SRM and FEKO simulation, respectively. The

reconstructed equivalent source at the frequency 1.6875 GHz is

taken as an example to demonstrate the accuracy of the proposed

SRM. To validate the proposed SRM in NF reconstruction, the

magnetic NF data are sampled from another plane 7 cm above the

ground plane. The magnitude of x -component and y-component

of magnetic NF data Hx and Hy are shown in Figs. 6 and 7,

respectively. Furthermore, the FF data sampled from 3 m away
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Fig. 6. Magnitude of x -component of the sampled magnetic NF (dB A/m) in
the first numerical example at 1.6875 GHz. (a) Magnitude of Hx calculated by
the proposed SRM. (b) Magnitude of Hx obtained from FEKO simulation.

Fig. 7. Magnitude of y-component of sampled magnetic NF (dB A/m) in the
first numerical example at 1.6875 GHz. (a) Magnitude of Hy calculated by the
proposed SRM. (b) Magnitude of Hy obtained from FEKO simulation.

Fig. 8. Magnitude of electric FF (dB V/m) at 3 m away from bottom center
of PCB at 1.6875 GHz. (a) and (b) Magnitudes of Eθ and Eφ in the xoz plane,
respectively. (c) and (d) Magnitudes ofEθ andEφ in the yoz plane, respectively.

from the bottom center of the PCB is shown in Fig. 8. In this

example, σmse of NF data is −61.20 dB, while σmse of FF at 3 m

away is −40.45 dB, respectively. Both the NF and FF calculated

by the proposed method agree with FEKO simulation very well.

B. PCB With a Pair of Differential Transmission Lines in a

Shielding Enclosure With Multiple Slots

In the second example, a PCB with pair of differential trans-

mission lines placed in a shielding enclosure with multiple slots

at top is shown in Fig. 9. Two 1-V voltage sources with 180◦

difference are terminated at p1 and p2, respectively. Both p3 and

p4 are loaded with a 50-Ω resistor, which is matched with the

source. The thickness of the substrate is 2 mm, and it is made of

FR4 material with a relative permittivity of 4.35. It is assumed

that the transmission lines on the board have negligible thickness

Fig. 9. (a) Geometry of the PCB in the second numerical example (a = 10

cm, b = 5 cm, l = 2 cm, s1 = 2.5 cm, s2 = 1.75 cm, and w = 3.58 mm).
(b) Structure of the shielding enclosure with multiple slots at top (a = 15 cm,
b = 10 cm, h = 5 cm, l1 = 6 cm, d1 = 2 cm, w1 = 6 cm, l2 = 1.5 cm, d2 = 3

cm, and w2 = 2 cm).

Fig. 10. Reconstructed error (in decibel) of two different phase initialization
methods in the second numerical example.

TABLE II
INTERPOLATION ERROR OF THE PROPOSED SRM AT CENTRAL FREQUENCY

POINTS OF EVERY SUBINTERVAL IN THE SECOND NUMERICAL EXAMPLE

and exhibit ideal conductivity properties. The thickness of the

shielding enclosure is set to 2 mm. The PCB board is centrally

positioned above the inner bottom of the shielding enclosure.

With the resolution of 5 mm, the NF data are obtained from a

plane 7 cm above ground plane. The size of the sampled plane

is 20 cm×15 cm.

The comparison of two phase initialization methods in this

numerical example is shown in Fig. 10. Our proposed phase

initialization method shows a better performance in the conver-

gence of solution of equivalent source. The supporting frequency

points in this numerical example fs are {1, 1.25, 1.5, 1.75, 1.875,

2, 2.0625, 2.125, 2.25, 2.5, 2.5625, 2.625, 2.6875, 2.75, 2.875,

3, 3.125, 3.1875, 3.25, 3.3125, 3.375, 3.5, 3.5625, 3.625, 3.75,

3.875, 4} GHz. The error functions at the midpoints of every

subinterval are shown in Table II and the average value of the

error function is 3.57%.

To have an intuitive understanding of accuracy of recon-

structed equivalent source, the field data calculated by the pro-

posed SRM and FEKO simulation at the frequency 3.9375 GHz

are shown in Figs. 11–13. The NF data for validation is sampled
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Fig. 11. Magnitude of x -component of sampled magnetic NF (dB A/m) in the
second numerical example at 3.9375 GHz. (a) Magnitude of Hx calculated by
the proposed SRM. (b) Magnitude of Hx obtained from FEKO simulation.

Fig. 12. Magnitude of y-component of sampled magnetic NF (dB A/m) in the
second numerical example at 3.9375 GHz. (a) Magnitude of Hy calculated by
the proposed SRM. (b) Magnitude of Hy obtained from the FEKO simulation.

Fig. 13. Magnitude of electric FF (dB V/m) at 3 m away from the bottom
center of the PCB at 3.9375 GHz. (a) and (b) Magnitudes of Eθ and Eφ in the
xoz plane, respectively. (c) and (d) Magnitudes of Eθ and Eφ in the yoz plane,
respectively.

from a plane 6 cm over the ground, while the FF data are sampled

from sphere with the radius equal to 3 m. The reconstructed error

of NF data in this example is −51.95 dB, while σmse of FF at

3 m away is −41.50 dB. Obviously, the proposed SRM shows

great accuracy in both NF and FF reconstruction.

C. PCB With More Complex Structure in a Shielding

Enclosure With Multiple Slots and Circular Apertures

In this numerical example, a PCB with more complex circuit

structure is shown in Fig. 14(a). The structure of the circuit

consists of several straight lines and loops. The ports p1–p5 are

terminated with a 1-V voltage source, while the ports p6–p10 are

Fig. 14. (a) Geometry of the PCB in the third numerical example (a = 10 cm,
b = 5 cm, l = 4 cm,d = 2.5 cm, s = 2 cm, and w = 3.58 mm). (b) Structure of
the shielding enclosure with multiple slots and circular apertures at top and right
(a = 15 cm, b = 10 cm, h = 5 cm, l1 = 10 cm, d1 = 2.32 cm, w1 = 3.58mm,
d2 = 2.5 cm, r = 5 mm, l2 = 3 cm, d3 = 1.75 cm, and w2 = 1.5 cm).

Fig. 15. Reconstructed error (in decibel) of two different phase initialization
methods in the third numerical example.

TABLE III
INTERPOLATION ERROR OF THE PROPOSED SRM AT CENTRAL FREQUENCY

POINTS OF EVERY SUBINTERVAL IN THE THIRD NUMERICAL EXAMPLE

loaded with 50-Ω resistors, which are the same as the source re-

sistance. The substrate has a thickness of 2 mm and is composed

of FR4 material, which has a εr value of 4.35. It is assumed that

the transmission lines on the PCB board have infinitesimally thin

traces and exhibit perfect conductivity. As shown in Fig. 14(b),

the shielding enclosure has multiple slots and circular apertures

at the top and right side. A 2-mm thickness is specified for the

shielding enclosure. The PCB board is situated at the center,

directly above the inner bottom of the shielding enclosure. The

NF scanning is implemented on the plane 7 cm over the ground

with the resolution of 5 mm.

The comparison of two phase initialization methods in this

numerical example is shown in Fig. 15. The set of supporting

frequency points fs are {1, 1.25, 1.5, 1.75, 2, 2.0625, 2.125,

2.25, 2.375, 2.4375, 2.5, 2.5625, 2.625, 2.6875, 2.75, 2.875, 3,

3.25, 3.375, 3.5, 3.5625, 3.625, 3.6875, 3.75, 3.875, 3.9375, 4}

GHz. The error function defined in (11) at the midpoints of every

subinterval are shown in Table III. The average value of error

function is 3.69%.

Compared with the FEKO simulation result, the reconstructed

NF data and FF data at the frequency 2.3125 GHz are shown in

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on January 16,2025 at 18:21:50 UTC from IEEE Xplore.  Restrictions apply. 



914 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 66, NO. 3, JUNE 2024

Fig. 16. Magnitude of x -component of sampled magnetic NF (dB A/m) in the
third numerical example at 2.3125 GHz. (a) Magnitude of Hx calculated by the
proposed SRM. (b) Magnitude of Hx obtained from FEKO simulation.

Fig. 17. Magnitude of y-component of the sampled magnetic NF (dB A/m)
in the third numerical example at 2.3125 GHz. (a) Magnitude of Hy calculated
by the proposed SRM. (b) Magnitude of Hy obtained from FEKO simulation.

Fig. 18. Magnitude of electric FF (dB V/m) at 3 m away from bottom center
of PCB at 2.3125 GHz. (a) and (b) Magnitudes of Eθ and Eφ in the xoz plane,
respectively. (c) and (d) Magnitudes ofEθ andEφ in the yoz plane, respectively.

Figs. 16–18. The NF data for validation are sampled from the

plane at the height of 6 cm and the FF data are sampled from

sphere with the radius of 3 m. The value of σmse defined in (9)

for the NF data are −50.29 dB, and the σmse for the FF at 3 m

away is −39.20 dB. Great agreements are achieved for both

near- and far-field reconstruction results compared to the FEKO

simulation.

D. Study of Influence of Noise

In this section, artificial noise is added to the NF data obtained

through FEKO simulations to validate the robustness of the

proposed SRM. First, the impact of noise on the proposed SRM

at a single frequency is investigated. Taking the example in

Section III-A as an illustration, the operating frequency is set

as 1.6875 GHz. The input magnetic NF is sampled on a plane

Fig. 19. σmse of near field and far field data in the first numerical example at
the frequency of 1.6875 GHz for various SNRs. (a) σmse of NF data. (b) σmse

of FF data.

located 6 cm above the ground with the size of 20 cm×15 cm.

Gaussian white noise of varying magnitudes is added to the input

NF data obtained from FEKO simulations. The signal-to-noise

ratio (SNR) range is set from 10 to 40 dB. The NF data for

validation are sampled from the plane located 7 cm above the

ground, while the FF data for validation are sampled from a

sphere 3 m away from the bottom center of the PCB. Then,

the σmse of the NF and FF data with the variation of the SNR

are shown in Fig. 19. The impact of noise on the accuracy of

the reconstructed radiated field increases with the decrease of

the SNR. When the SNR drops below 25 dB, the influence of

noise becomes significant and cannot be neglected. In addition,

the robustness of the Tikhonov regularization method in the

proposed SRM is compared with the traditional LSM. It can be

observed that the Tikhonov regularization method yields smaller

σmse for both NF and FF data compared to the traditional LSM

especially for FF data. Similar relationships can be observed for

the other numerical examples provided in this article, as well as

for different frequency points within the same example.

For the proposed wideband SRM, the introduction of noise at

each supporting frequency point can lead to deviations between

the reconstructed equivalent source and the theoretical values.

As a result, the error of the equivalent source obtained by the

interpolation algorithm may be further amplified. To further

investigate the impact of noise on the proposed wideband SRM,

Gaussian white noise with an SNR of 30 dB is added to the

input NF data for each initial sampling frequency point in the

numerical example of III-A. Then, the final supporting frequency

points fs obtained by AFS are {1, 1.125, 1.25, 1.375, 1.5, 1.625,

2, 2.25, 2.375, 2.4375, 2.5, 2.5625, 2.625, 2.75, 2.875, 2.9375,

3, 3.125, 3.1875, 3.25, 3.375, 3.4375, 3.5, 3.5625, 3.625, 3.75,

3.875, 4} GHz, which is the same as the ideal case without

noise. The average value of interpolation error at the midpoints

of the subintervals generated by the aforementioned supported

frequency points is 3.98%, which is closed to the value of 3.83%

of the case without noise. This indicates that noise has minimal

impact on the construction of the interpolation function in the

proposed wideband SRM. After adding artificial noise, the σmse

of NF and FF data at the frequency of 1.6875 GHz are −54.36

and −39.69 dB, respectively. Compared to the FF, the σmse of

the NF is more affected by noise, but the accuracy is still within

an acceptable range. Therefore, it can be concluded that the

proposed wideband SRM exhibits a certain level of robustness.
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IV. CONCLUSION

In this article, a wideband SRM based on the magnitude-only

NF data is proposed to characterize electromagnetic emission

from DUTs placed in shielding enclosure. Only the single-plane

NF scanning is needed in the proposed method. Due to the

unavailability of the analytical DGF in complex EM environ-

ment, the numerical form of the DGF is employed. Tikhonov

regularization gathered with GCV is applied to overcome the

ill-posed property of the inverse problem. To retrieve phase

information from magnitude-only NF data, an iteration method

with an assumed initial phase is proposed. Cubic spline interpo-

lation algorithm is used to expand the proposed SRM to a wide

working band. In this process, AFS is used to determine sup-

porting frequency points used in interpolation while improving

the computational efficiency at the same time. Three numerical

examples are shown in this article to validate the effectiveness of

proposed method for different structures of circuits and shielding

enclosures. The proposed SRM shows a high level of accuracy

in both NF and FF reconstruction. The influence of the initial

phase of sampled NF data is also investigated, which reveals the

effectiveness of the proposed phase initialization method.
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