
Received 13 June 2024, accepted 29 July 2024, date of publication 6 August 2024, date of current version 13 September 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3439345

Electromagnetic Radiation Leakage Imaging
Localization on the Spacecraft Surface
YUTING ZHANG 1, (Member, IEEE), SHUANGHONG ZHOU 2, AND MIAO XIAO 1
1Beijing Institute of Spacecraft System Engineering, Beijing 100094, China
2College of Mathematical Sciences, Harbin Engineering University, Harbin, Heilongjiang 150001, China

Corresponding author: Yuting Zhang (zhang_sch@163.com)

This work was supported in part by the National Natural Science Foundation of China under Grant 62201035.

ABSTRACT The localization of electromagnetic radiation leakage through cabin gaps is a critical and
challenging aspect of electromagnetic compatibility design for spacecraft. This paper proposes a localization
method based on synthetic aperture interferometric passive radiometry imaging. Electromagnetic radiation
signals are measured at a certain distance from the spacecraft surface to form visibility samples. These vis-
ibility samples and the modified brightness temperature of the spacecraft surface electromagnetic radiation
leakage constitute a pair for Fourier transform. The electromagnetic leakage location image of spacecraft
surface is obtained through inverse Fourier transform. A sparse sampling method based on particle swarm
optimization is proposed to improve testing efficiency. The impacts of various factors, including positional
parameters, positioning accuracy of the test antenna, and scanning parameters on the imaging results are
analyzed. Experiments are conducted on a cabin with 1 m×1 m×1 m having 51 holes on one surface. The
algorithm proposed in this article is validated to effectively image and locate electromagnetic leakage points
at different frequencies, with an absolute positioning error not exceeding 16mm. In addition, the effectiveness
of the sparse sampling method is confirmed. Hence, it can accurately locate the position of electromagnetic
leakage by saving 83.3% of the test time, with a misjudgment rate of 5.9%.

INDEX TERMS Radiometer imaging, electromagnetic interference localization, sparse sampling, particle
swarm optimization, spacecraft.

I. INTRODUCTION
With the continuous advancement of space technology, the
application of various complex payloads is increasingly
extensive, leading to a more complex electromagnetic envi-
ronment for spacecraft [1]. Against this backdrop, electro-
magnetic compatibility (EMC) design has become a crucial
component in the development process of spacecraft [2].
For spacecraft with complex electromagnetic environments,
improving the shielding effectiveness of the cabin panels is
very important in the EMC design of spacecraft [3], [4].
For example, by improving the shielding effectiveness of the
cabin panels, it is possible to prevent electromagnetic radi-
ation from equipment inside the cabin from interfering with
external sensitive systems, as well as to avoid interference to
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sensitive equipment inside the cabin from high-power radio
frequency radiation outside.

However, in the actual design and manufacturing process,
there are inevitably many gaps in the spacecraft cabin panels,
which cause serious electromagnetic leakage. To enhance the
shielding effectiveness of the cabin panels, precise localiza-
tion and processing of these gaps are essential. Traditional
methods, such as near-field probe sniff [5], [6], are not
only limited in accuracy but also prone to missing holes
that can cause electromagnetic leakage. For example, when
the spacecraft surface is coated with thermal control layers,
it is difficult to directly discover the holes hidden beneath
the layers. Moreover, this method requires testing person-
nel to operate near the spacecraft, and for safety reasons,
high-power radiation equipment on the spacecraft cannot be
activated during this time. Because the testing environment
is inconsistent with the actual in-orbit state, and the elec-
tromagnetic leakage locations measured may not match the
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actual situation. Furthermore, the characteristics of electro-
magnetic leakage through different gaps vary at different
frequencies, and some gaps with low radiation efficiency at
certain frequencies may not require shielding. Therefore, it is
necessary to locate electromagnetic leaks at specific EMC
focus frequencies to prevent unnecessary shielding that leads
to over-design in EMC. If there are many frequencies of inter-
est, the efficiency of localization using near-field probes will
be particularly low, and actual spacecraft often involve many
sensitive frequencies, such as L-band navigation, S-band
telemetry and control, C-band transponders, and so on.

Currently, the two more common methods for electromag-
netic interference localization include near-field scanning [7],
[8] and the use of electric/magnetic dipole equivalents [9],
[10]. These methods mainly test the electric or magnetic
field radiation characteristics of the object through near-field
scanning and then use a dipole model to equivalently rep-
resent the object’s electromagnetic radiation characteristics.
The source of interference is then located by calculating
dipole parameters based on the scanning results [11], [12].
Several improved methods have been derived on this basis.
For example, an adaptive sampling method was proposed
in [13]. The joint regularization method and dynamic dif-
ferential evolution algorithm were used to address nonlinear
problems in [14] and [15]. In the above studies, the dipoles
are usually of the same form, so [16] used machine learning
methods to reconstruct dipoles of different forms to further
enhance the precision of analysis.

Moreover, several studies have explored the localization of
interference sources located within shielded enclosures [17],
such as the phase inversion method [18], the numerical
Green functions method [19], [20] and so on. For space-
craft EMC design, effectively solving the problem of system
electromagnetic interference can be achieved by locating
electromagnetic leakages on the cabin panels, eliminating the
need to locate internal interference sources, which is cru-
cial for the accurate prediction of electromagnetic emission
spectra.

It is worth noting that the aforementioned near-field scan-
ning localization methods are mainly applied to smaller-sized
scenarios, such as printed circuit boards (PCBs). When the
object under test is large, such as a spacecraft structure
cabin panel, the method will take a significant amount of
time. Additionally, near-field scanning requires a scanning
test plane to be sufficiently close to the object under test,
but equipment on the surface of the spacecraft structure
may prevent the creation of a complete and close test plane,
which somewhat restricts the application of near-field scan-
ning methods for locating electromagnetic radiation leaks on
spacecraft cabin panels. In [21], the localization of inter-
ference sources was conducted based on the principles of
synthetic aperture radar. But this method is more effective
for far-field radiation. For spacecraft, it is rather diffi-
cult to meet far-field conditions due to the multiplicity of
EMC design focus frequencies. In [22], eigenmode currents
and Fourier transforms were used for interference source

localization, This method requires a certain distribution of
current, making it less suitable for cases of gap leakage. Time
reversal-based techniques for reconstructing radiation inter-
ference sources were also proposed in [23]. However, these
methods are primarily suitable for PCB-level interference
source localization.

In this paper, a positioning method based on synthetic
aperture interferometric passive radiometer imaging is pro-
posed. This method addresses the problem of electromagnetic
radiation leakage which is usually caused by spacecraft cabin
panels.Wemeasure the electric field radiation at a certain dis-
tance, and then we can invert and locate the electromagnetic
leakage point on the cabin panel. Further, we analyze the prin-
ciple of this imaging localization and in accordance with the
regulation requiring test antennas to be 1meter away from the
spacecraft during electromagnetic radiation emission testing.
Meanwhile, we perform the near-field correction based on the
phase of the visibility sample function. Simulation analysis
is performed on the testing parameters and testing errors that
affect imaging quality, which includes the positional parame-
ters, test antenna position accuracy and scanning parameters.
In order to improve testing efficiency in actual processes,
we research a sparse sampling method based on the particle
swarm optimization algorithm and analyzed the impact of
different sparse sampling methods on imaging localization
results. In the fifth section of the paper, experiments veri-
fication ensures that the algorithm studied in this paper can
effectively locate the holes causing electromagnetic radiation
leakage on spacecraft cabin panels. It can also locate the main
holes causing electromagnetic radiation leakage at different
frequencies. At the same time, the effectiveness of the sparse
sampling method is also proven, as it can significantly reduce
the testing time while maintaining accuracy in localization.

II. ELECTROMAGNETIC RADIATION LEAKAGE
LOCALIZATION BASED ON SYNTHETIC APERTURE
INTERFEROMETRY PASSIVE RADIOMETER IMAGING
A. IMAGING AND LOCALIZATION PRINCIPLE
The principle of electromagnetic radiation leakage local-
ization based on synthetic aperture interferometry passive
radiometer imaging is shown in Fig. 1. The spacecraft surface
that generates electromagnetic leakage is the target plane. The
antenna is used to measure electromagnetic leakage signals
at a certain distance from the target plane. The measurement
range of the antenna is a plane, which is the antenna scanning
plane. The signals obtained from scanning measurements
form a visibility sample space. By processing data in the
visibility sample space, imaging of the electromagnetic leak-
age plane of the spacecraft surface can be obtained. The
spacecraft surface adopts a Cartesian coordinate system (x,y).
The antenna scanning plane is represented using directional
cosine (ξ, η). And (u,v) coordinates is used to represent in
visibility sample space.

At a certain distance from the surface of the spacecraft,
an antenna scans and tests the electromagnetic radiation
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signal. For each scanning test position, the antenna receives
the electromagnetic radiation signal from the surface of the
spacecraft, which can be represented as:

χi(t) =

∑
s

α(ξ, η) [1s(ξ, η)]1/2

ri(ξ, η)
exp

(
−j

2π
λ
ri(ξ, η)

)
(1)

where (ξ, η) represents the direction cosines of each point on
the target aperture to the center point of the antenna scanning
plane. ξ =sinθcosϕ. η = sinθsinϕ. 1s(ξ, η) represents the
discretized micro-area on the target plane corresponding to
α(ξ, η)[1s(ξ, η)]1/2 which characterizes the radiation signal
strength generated on the micro-area 1s(ξ, η). α(ξ, η) can be
regarded as the radiation signal strength generated per unit
area within 1s(ξ, η). ri(ξ, η) is the distance from the micro-
area 1s(ξ, η) to the test antenna. λ is the wavelength. The
target plane refers to the surface of a spacecraft that generates
electromagnetic radiation leakage.

FIGURE 1. Imaging and localization principle.

The received signals from two test antennas at any posi-
tions i and j are cross-correlated:

E{χi(t)χ∗
j (t)}

= E

{[∑
s

α(ξ, η) [1s(ξ, η)]1/2

ri(ξ, η)
exp

(
−j

2π
λ
ri(ξ, η)

)]

×

[∑
s

α(ξ, η) [1s(ξ, η)]1/2

rj(ξ, η)
exp

(
j
2π
λ
rj(ξ, η)

)]}
(2)

Since the radiation signals from different micro-areas
1s(ξ, η) are uncorrelated with each other, (2) can be rewritten
as:

E{χi(t)χ∗
j (t)}

=E
{∑

s

α2(ξ, η)1s(ξ, η)
ri(ξ, η)rj(ξ, η)

exp
(
j
2π
λ

[rj(ξ, η) − ri(ξ, η)]
)}

=

∑
s

E{α2(ξ, η)}
ri(ξ, η)rj(ξ, η)

exp
(
j
2π
λ

[rj(ξ, η) − ri(ξ, η)]
)

1s(ξ, η) (3)

where α2(ξ, η) is the square radiation signal strength gener-
ated per unit area within 1s(ξ, η).
As shown of the surface microelement 1s in Fig. 2, the

microelement position in a Cartesian coordinate system is X0,
Y0 and Z0. When the receiving antennas are at positions i and
j, the distance between the antennas and microelement is ri
and rj, respectively. Then a Taylor approximation for ri and
rj can be obtained:

rior j(ξ, η) =

√
(X0 − xior j)2 + (Y0 − yior j)2 + Z2

0

=

√
r2(ξ, η) + d2ior j − 2(X0xior j + Y0yior j)

≈ r(ξ, η) +
d2ior j − 2(X0xior j + Y0yior j)

2r(ξ, η)

= r(ξ, η) +
d2ior j

2r(ξ, η)
− ξxior j − ηyior j (4)

where x and y represent antenna position in the coordinate
system. d represents the distance between the antenna and
the coordinate origin.

Thus:

ri(ξ, η) − rj(ξ, η) =
d2i − d2j
2r(ξ, η)

− ξ (xi − xj) − η(yi − yj) (5)

FIGURE 2. Positional relationship.

If the distance between the surface of the spacecraft and
the test antenna plane is larger (i.e., d ≫ di,j), then:

ri(ξ, η) − rj(ξ, η) ≈ −ξ (xi − xj) − η(yi − yj) (6)

Additionally, the micro-area 1s(ξ, η) can be expressed
using 1ξ , 1η:

1s(ξ, η) =
r2(ξ, η)
cos θ

1ξ1η (7)

The above equations can be combined:

E{χi(t)χ∗
j (t)}

=

∑
s

E
[
α2(ξ, η)

]
cos θ

· exp
(

−j2π (ξ
xi − xj

λ
+ η

yi − yj
λ

)
)

1ξ1η (8)
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E[α2(ξ, η)] reflects the relative radiation capability at
each position (ξ, η) on the target aperture, which is propor-
tional to the brightness temperature at each position [24].
T (ξ, η) can be regarded as a correction to E[α2(ξ, η)], called
the corrected brightness temperature, denoted as T(ξ, η)
= E[α2(ξ, η)]/cosθ . By setting u = (xi-xj)/λ and v =

(yi-yj)/λ , T (ξ, η) and the visibility function V(u,v) can be
transformed into a Fourier pair.

V (u, v) =

∫∫
T (ξ, η) exp (−j2π (ξu+ ηv)) dξdη (9)

When enough sample values of the visibility function
V(u,v) are obtained through testing, the distribution of the
target’s corrected brightness temperature T (ξ, η) can be
obtained using the inverse Fourier transform:

T (ξ, η) = F−1 [V (u, v)]

=
1
2π

∫∫
V (u, v) exp (j2π (uξ + vη)) du dv (10)

The electromagnetic radiation leakage on the surface of
the spacecraft can be located by obtaining the corrected
brightness temperature of the target, i.e., the electromagnetic
radiation intensity on the surface of the spacecraft.

B. NEAR FIELD CORRECTION
The above analysis was derived under far-field conditions.
However, for spacecraft electromagnetic radiation testing,
far-field conditions may not always be met, and many sit-
uations belong to near-field conditions. In this case, since
the right side of (5) cannot be ignored, the direct relation-
ship between the visibility sample function V(u,v) obtained
by measurement and the Fourier transform of the corrected
brightness temperature T (ξ, η) no longer holds. Therefore,
the point source correctionmethod is used to correct the phase
of the visibility sample function V(u,v).
If we assume that a point source is constructed at the

position on the spacecraft surface in Fig. 3, with the direction
cosine coordinates (ξ0, η0). The visibility sample function
Vp(u,v,ξ0, η0) of the point source obtained by measurement
can be approximated at each sampling point (u,v) as:

Vp(u, v) = V (u, v) exp
(
−jP∗(u, v, ξ0, η0)

)
(11)

where P∗ is the corrected phase. Since P(u, v, ξ0, η0) can be
obtained by measurement, and (ξ0u + η0v) is known, the
phase that needs to be corrected for the visibility sample
function V(u,v) at the target position (ξ0, η0) when imaging
the electromagnetic leakage on the surface of the spacecraft
is:

P∗(u, v, ξ0, η0) = 2π
d2i − d2j
2r(ξ, η)λ

= P(u, v, ξ0, η0) + 2π (ξ0u+ η0v) (12)

P is the phase at the test position defined as:

P(u, v, ξ0, η0) ≈ 2π

[
d2i − d2j
2r(ξ, η)λ

− (ξ0u+ η0v)

]
(13)

In Fig. 3, it is assumed that the electromagnetic leakage
source point is (ξ0, η0). Due to the fact that a hole has a certain
area. So in practical applications, it is necessary to process
the effective correction aera (ξ, η). Since the phase value
P∗(u, v, ξ, η) that needs to be corrected for V(u,v) is similar
to P∗(u, v, ξ0, η0) within the range near the point source
(ξ0, η0) shown in Fig. 3. This correction is effective in the
vicinity of (ξ0, η0). That is, the T ∗(ξ, η) obtained by inversion
through (14) matches the corrected brightness temperature
T ∗(ξ, η) in the range near (ξ0, η0).

T ∗ (ξ, η) = F−1 [
Vp (u, v)

]
=

1
2π

∫∫
Vp (u, v) exp (j2π (uξ + vη)) du dv

(14)

FIGURE 3. Near field correction.

C. IMAGING QUALITY
The accuracy of locating radiative interference is determined
by the quality of the imaging, and the imaging quality is
related to the parameters of the near-field scanning test.
The most important parameter in assessing imaging quality
is the resolution, and the relationship between the resolu-
tion and the scanning parameters can be derived from the
near-field spatial spectrum. The field distribution on the plane
satisfies the Fourier transform relationship with the spatial
spectrum [25]:

E (x, y, z) =

∫
+ℏ

−∞

∫
+∞

−∞

F
(
kx , ky

)
exp (−jkzz)

· exp
(
−j

(
kxx + kyy

))
dx dy (15)

where F(kx , ky) is the spatial spectrum. k is the wave constant
in free space. kx , ky, kz are the three components of k .
The electric field distribution E(x,y,z) on the plane and

the spatial spectrum F(kx , ky) satisfy the Fourier transform
relationship. Therefore, the resolutions dkx and dky of kx and
ky are related to the scanning range Dx and Dy as follows:{

dkx = 2π
/
Dx

dky = 2π
/
Dy

(16)
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The angular resolution dθ can be derived from dkx and dky:{
dkx = k cos θ cosϕdθ − k sin θ sinϕdϕ

dky = k cos θ sinϕdθ − k sin θ cosϕdϕ
(17)

dθ =
cosϕdkx + sinϕdkx

k cos θ
(18)

If we assume Dx = Dy = D, the magnitude expression for
the angular resolution can be written as:

dθ =
λ

D cos θ
(19)

Therefore, the imaging resolution dl is:

dl =
λ z

D cos θ
(20)

where z is the distance from the antenna test plane to the
spacecraft surface.D is the range of the scanning plane, and θ

is the angle between the line connecting the imaging point to
the scanning center and the z-axis shown in Fig. 2. From (20),
it is known that to obtain an accurate image of the leakage
point, we can increase the scanning range and shorten the
distance between the scanning plane and the test object.

III. SPARSE SAMPLING
In the process of antenna sampling, if the time cost is higher
than the hardware cost, then it is necessary to optimize the
sampling array, in order to obtain satisfactory imaging local-
ization results through sparse sampling. For the optimization
of the sampling array, the basic principle is to achieve a
‘‘best’’ balance among various parameters of the imaging
system (mainly referring to spatial resolution, imaging range,
etc.) under the premise of obtaining a certain imaging quality,
taking into account the constraints between the parameters.
The final image of the leakage points is a composite result
of all the sampling points. The lack of individual sampling
points can still generate an image, but the quality of the
imaging results will decline. However, some data plays a
major role in the result, while the absence of other sampling
points has little impact on the imaging quality, which can
lead to resource waste and increase the difficulty of system
implementation. To minimize redundancy while not reducing
imaging quality, it is necessary to arrange the sampling points
in reasonable positions.

However, in actual systems, since the physical aperture
of the actual antenna cannot be very small, sparse array
arrangements need to be used to avoid aliasing. Moreover,
during the array arrangement, in order to use the Fourier
transform algorithmwith faster computing speed in the inver-
sion algorithm, it is necessary to place the sampling points on
regular cells. At the same time, a specific algorithm must be
used to minimize the redundancy of sampling points to avoid
aliasing during image inversion. Hence, provide images of the
same quality with fewer sampling points.

At this point, optimization of the antenna sampling posi-
tions is needed. This paper adopts the particle swarm
optimization algorithm for optimization. In antenna sampling

position optimization, the most important thing is to establish
an optimization objective function. The purpose of optimiz-
ing the sampling point positions is to make the visibility
sampling points formed by the antenna array as uniformly
distributed as possible in a certain area under necessary con-
straints. For any antenna distribution in an arbitrary area, the
mathematical description of the minimum distance product
objective function is as follows. Assume there areN sampling
points in an arbitrary area �, with their positions represented
as r1, r2, . . . , rN , ri ∈ �, i = 1, 2 . . . , N . For any two points
i and j, their baseline is ρij = ri-rj. Let the nearest sampling
distance between any two points be d , that is, d = min{|ri-
rj|} (ri ̸= rj). Then the minimum distance objective function
formed by the position variables of these N sampling points
is 

f (r1, r2, . . . , rN ) = −

∑
i,j,k,l

lg(|ρij − ρkl |)

ri ∈ �, i = 1, 2, . . .N
min{

∣∣ri − rj
∣∣} ≥ d, i ̸= j

(21)

Further explanation of the above objective function is as
follows. The optimization goal is to calculatemin[f (r1, r2,. . . ,
rN )]. When any two visibility sampling points are very close,
i.e., |ρij − ρkl | → 0, it is equivalent to these two visibility
sampling points becoming redundant, which is an undesir-
able situation in antenna surface. At this time, the objective
function will add a large positive term, i.e., -lg(|ρij–ρkl |) →

+∞. However, the optimization process aims tominimize the
objective function, so situations where redundancy increases
the objective function are gradually discarded during opti-
mization. Therefore, this objective function is reasonable
in eliminating visibility redundancy or preventing visibility
sampling points from being too close. Additionally, the objec-
tive function uses a logarithmic form to convert multiplicative
operations into additive operations because the logarithmic
function is monotonically increasing in the positive real
number domain, so this transformation does not change the
monotonicity of the objective function. The main purpose of
the logarithmic transformation is to avoid overflow when the
number of antennas is large, as multiplication may lead to
overflow, while addition can avoid it.

The calculation process for optimizing the antenna
sampling positions using the particle swarm optimization
algorithm is shown in Table 1.

A simulation analysis is conducted for sparse sampling.
The simulation model consists of a 1.2 m by 1.2 m panel with
4 × 4 uniformly distributed holes. Electromagnetic radiation
leakage signal collection is performed 1 meter away from
the panel, with a collection range of 1 m×1 m. The analysis
frequency is 12 GHz. The left image in Fig. 4 shows the signal
collection results, and the right image shows the imaging
results without sparse sampling. It can be seen from the
figure that electromagnetic radiation leakage imaging can
effectively locate the leaking holes.

Imaging was performed using ‘‘+’’ and ‘‘Y’’ sampling
type. After processing with the optimization algorithm
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TABLE 1. Optimization process of particle swarm algorithm.

FIGURE 4. Signal collection and imaging localization results without
sparse sampling.

described in this section, the sampling array pattern and
imaging results are shown in Fig. 5. The ‘‘+’’ sampling type
reduced the number of sampling points by 80.3%, while the
‘‘Y’’ sampling type reduced the number of sampling points
by 85.3%.

From the analysis results, it is evident that it is still possible
to locate the holes leaking electromagnetic radiation after
sparse sampling. Comparatively, the ‘‘+’’ type sampling pro-
vides better imaging effects. Although the ‘‘Y’’ type sampling
can also locate the holes, there is a certain degree of signal
overlap in the imaging results, making the localization effect
less clear than that of the ‘‘+’’ type sampling. Due to the rela-
tively regular arrangement of holes here, the ‘‘+’’ sample type
is relatively consistent with the arrangement of holes, which
can collect more electromagnetic leakage signals. So the
localization effect is relatively better. Furthermore, a model
with 5×5 distributed holes was analyzed. The sampling type
was ‘‘ ’’ shown in Fig. 6.
The imaging results are shown in Fig. 7. We adjusted

the position of the sampling midpoints type, and the imag-
ing effect also changes according. When the middle ‘‘□’’
type is small, the electromagnetic leakage signals from the

FIGURE 5. Imaging localization results of sparse sampling array.

FIGURE 6. ‘‘ ’’sampling type.

peripheral holes cannot be collect. So the localization effect is
not good. When the ‘‘□’’ type is large enough to obtain more
electromagnetic leakage signals, it can effectively locate the
electromagnetic leakage points. Therefore, the sparse sam-
pling type should cover as many electromagnetic leakage
points as possible.

When the sampling type is selected, it is advisable to use a
form similar to the distribution of holes as much as possible.
In the analysis of this paper, due to the distribution of holes
being arranged in a rectangular array, so the ‘‘+’’ type sparse
sampling method can be adopted in applications.

IV. IMAGING PARAMETER ANALYSIS
A. ANALYSIS MODEL
This section focuses on analyzing the parameters that affect
imaging localization. The analysis model is a spacecraft cabin
with dimensions 2 m×2 m×2 m, with holes uniformly dis-
tributed within a range of±0.5 m from the center on one of its
faces, as shown in Fig. 8. The analysis frequency is 12 GHz.

B. INFLUENCE OF POSITIONAL PARAMETERS
Positional parameters include the distance between the
antenna test surface and the spacecraft panel, and the incli-
nation angle of the test surface. As shown in Fig. 9, the effect
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FIGURE 7. Imaging results with different ‘‘ ’’ sampling type.

FIGURE 8. Imaging parameter analysis model.

of distance deviation and angle deviation on the imaging
location deviation can be derived from the geometric rela-
tionship of the positions. Assuming z is the distance between
the panel and the antenna test surface, 1z is the distance
error. The ideal antenna test surface should be parallel to the
spacecraft surface, with δ being the inclination angle. x is the
actual position of the electromagnetic interference leakage,
and 1x is the imaging localization position deviation. The
relationship between the imaging localization error and the
test distance deviation and angle deviation is as follows:{

x = z tan δ

1x = x1z
/
z

(22)

In Fig. 10, the cases with inclination angles of 1◦, 2.5◦,
and 3◦ are analyzed. The average positioning errors are
7.8 mm, 14.5 mm, and 26.2 mm, respectively. If the average
positioning error is required to not exceed 20 mm, then the
analysis shows that when the inclination angle error is within
2.5◦, the imaging localization accuracy can meet application
requirements.

In Fig. 11, the cases with distance errors of -15 cm, 10 cm,
and 15 cm are analyzed. The average positioning range error
is 12 cm, 3.8 cm, and 10 cm, respectively. If the average
positioning range error is required to not exceed 4 cm, then
the analysis cases indicates that when the distance error is

FIGURE 9. Schematic of positional parameter deviations.

FIGURE 10. Analysis of the influence of inclination angle on imaging
localization.

within 10 cm, the imaging localization accuracy can meet
application requirements.

If we compare the analysis results from Figs. 10 and 11,
it can be conclude that the positional parameters not
only affect the localization position but also reduce the
beam-focusing effect of the electromagnetic radiation leak-
age points. In practical applications, it is necessary to ensure
the precision of the antenna scanning position and to ensure
that it is parallel to the test spacecraft panel.

C. INFLUENCE OF TEST ANTENNA POSITIONING
ACCURACY
The positioning accuracy of the test antenna will also affect
the precision of imaging localization. As the antenna posi-
tion is represented in three-dimensional space, deviations can
occur in the x, y, and z directions. The resulting image with
positioning errors can be expressed as the product of the true
position image and an error image, as shown in (23):

E ′
(
x ′, y′

)
=

∑N

n=1

∑M

m=1
[E (xn, ym)

· exp [jk
(
xn + 1x (xn, ym) − x ′

)2
+

(
ym + 1y (xn, ym) − y′

)2
+ (z+ 1z (xn, ym))2

]
(23)
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FIGURE 11. Analysis of the influence of distance error on imaging
localization.

In (23), 1x(xn, ym), 1y(xn, ym) and 1z(xn, ym) represent
the errors of the test antenna in the x, y and z directions,
respectively. The accuracy deviation of the antenna posi-
tioning ultimately leads to a phase deviation. Therefore, the
positioning error can be converted into a phase error. The
derivative of the phase part of the spatial transformation factor
1φ(x, y, z) = k(x2 + y2 + z2)1/2 is given by

∂φ

∂x
=

2π
λ

xdx(
x2 + y2 + z2

)1/2
∂φ

∂y
=

2π
λ

ydy(
x2 + y2 + z2

)1/2
∂φ

∂z
=

2π
λ

zdz(
x2 + y2 + z2

)1/2
(24)

The influence of the antenna’s z-direction positioning error
is the same as the distance error discussed in the previous
section. Due to the symmetry in the x and y directions, the
positioning errors in these two directions are given sepa-
rately as lateral and longitudinal positioning errors and are
expressed as phase error impacts:

1φh =
2π
λ

1lh√
1 +

2z
D

1φv =
2π1lv

λ

(25)

where 1φh and 1φv represent the phase errors caused by
the lateral positioning error 1lh and longitudinal positioning
error 1lv, respectively. D is the scanning range.
Figs. 12 and 13 present the analysis results for antenna

positioning errors of 0.1λ , 0.2λ , and 0.3λ . The analy-
sis shows that the longitudinal positioning error has a
more significant impact on imaging localization. The posi-
tioning error of the test antenna should be less than
one-tenth of the testing wavelength to ensure positioning
accuracy.

FIGURE 12. Analysis of lateral positioning error of test antenna on
imaging localization.

FIGURE 13. Analysis of longitudinal positioning error of test antenna on
imaging localization.

D. INFLUENCE OF SCANNING PARAMETERS
The primary scanning parameters include the distance z
between the plane of the test antenna and the spacecraft panel,
and the scanning range D of the test antenna. Fig. 14 shows
the imaging localization analysis results for distances of 1m,
2 m, 3 m, and 5 m. From the analysis, it can be seen that
as the distance increases, the resolution decreases. However,
at a distance of 5 m, it is still possible to distinguish elec-
tromagnetic radiation leakage positions of 14 cm. Generally,
EMC test standards specify that the distance for spacecraft
electric field radiation testing is 1m [26], which provides
good resolution at this distance.

Fig. 15 shows the results of the influence analysis of
the scanning range. The scanning ranges are set to 0.5 m,
1 m, 2 m, and 3 m. The analysis indicates that a relatively
good imaging localization result can be obtained if the scan-
ning range is larger than the radiation aperture of the tested
spacecraft panel.

If the test range is limited, only a small range of scanning
can be performed. Or there is not a sufficiently large scanning
device, the entire sampling range cannot be tested at once.
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FIGURE 14. Analysis of the influence of test distance on imaging
localization.

FIGURE 15. Analysis of the impact of scanning on imaging localization.

This may affect the imaging localization effect. In this case,
a localized scanning method can be used, where different
positions are scanned and imaged separately to achieve a rela-
tively better resolution. Fig. 16 shows an example of partition
scanning. There are two gaps on the cabin panel with a width
of 5 mm and 2 mm, and a length of 150 mm and 212 mm,
respectively. The excitation source is vertical polarization.
The corresponding areas of these two gaps were scanned
separately. The scanning and imaging results are shown in
Fig.15. The left figures are the scanning results, while the
right figure is the imaging result. Due to the stronger coupling
effect of horizontal gap on vertical polarized waves, the elec-
tromagnetic radiation intensity at the horizontal gap is higher
from the imaging result. From the analysis results, it can be
seen that partition scanning can also achieve good positioning
results. And the gaps can also be located. For the horizontal
gap, the position with the strongest radiation is the position of
the gap. For incline gap, although the imaging width is about
8 mm larger than the actual gap width, the centerline position
of the gaps is accurate. The error of the centerline position is
less than 0.7 mm. In practical application, there is still good
support for the electromagnetic leakage localization.

FIGURE 16. Partition scanning positioning model.

FIGURE 17. Partition scanning positioning result.

V. EXPERIMENTAL VERIFICATION
A. EXPERIMENTAL SCHEME
The experimental verification is conducted to validate the
algorithm proposed in this paper. A 1 m×1 m×1 m cabin is
designed with 51 holes on one of its surfaces. The diameter
of the holes is 1 cm. An antenna scanning surface was set up
1 meter away from the holes. The test schematic is shown
in Fig. 18, where an excitation antenna was placed inside
the structure. During the testing process, the origin of the
coordinate system was at the center of the cabin panel. The
excitation antenna was placed at (0, 0, −0.6 m).The scanning
antenna was mounted on a programmable scanning frame.
Both the excitation and scanning antennas were connected
to a vector network analyzer(VNA). The scanning frame
adopts a two-dimensional scanning method, with a scanning
range of 2 m × 2 m and a positioning accuracy of 0.05mm.
The 6 GHz probe is WR-137. The 20 GHz probe is WR-42.
The electromagnetic radiation leakage distribution on the
antenna scanning test surface was obtained using the S21
parameter measured by the vector network analyzer. A photo
of the testing site is shown in Fig. 19. The scanning range was
1m×1m.

B. EXPERIMENTAL RESULTS
For the aforementioned test setup, the localization of elec-
tromagnetic radiation leakage points was performed. Fig. 20
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FIGURE 18. Test schematic.

FIGURE 19. Test graph.

shows the imaging localization results at 6 GHz, with the
actual holes positions marked by circles. In addition, we con-
ducted simulation analysis using CST software. The analysis
method adopts the Finite Integration Technique. The meshes
were generated according to λ /10. Set the boundary condition
to open (add space). This boundary condition is equivalent
to a perfect matching layer, where electromagnetic waves
pass almost without reflection. It can be used for situations
equivalent to free space.

The simulation analysis and experimental results are basi-
cally consistent. From the imaging localization results, the
majority of electromagnetic radiation leakage points were
able to be located. For the presence of excitation in the cavity,
the distribution of electromagnetic field is uneven. So the
electromagnetic leakage intensity varies between different
holes. When the holes are denser, the equivalent leakage hole
area is larger, so the electromagnetic leakage of the left area
is stronger that of the right. As shown in (19) and (20), the
imaging localization resolution is related to frequency. When
the frequency is low, the resolution decreases. So for 6 GHz,
due to the relatively lower test frequency, some holes that are
closer in distance are not effectively located.

At higher frequencies, the electric field radiation efficiency
of the holes increased, and the imaging localization for each
hole was essentially accurate. Fig. 22 shows the error curve
of the localization point based on the maximum imaging
radiation intensity compared to the actual hole positions. The
results indicate that the positioning error is within a 16 mm
range, which can meet practical application requirements.

FIGURE 20. Imaging localization results at 6GHz.

The analysis results from Figs. 20 and 21 also show that at
different frequencies, the positions of radiation from the panel
vary. This proves that the method described in this paper can
be used to locate electromagnetic radiation leakage points at
frequencies of interest. In practical engineering applications,
the imaging localization can be used to locate the holes
with electromagnetic radiation, while avoiding over-design
for electromagnetic compatibility.

The above process took about 90 minutes during the elec-
tric field radiation test. If there is significant time constraint,
the sparse sampling method described in Section III can be
used. After optimization with the particle swarm algorithm,
a ‘‘+’’ type sampling method was performed. The imaging
localization result under this sampling method is shown in
Fig. 23.
The analysis results indicate that under sparse sampling

conditions, effective imaging localization can still be per-
formed for each electric field leakage point. As shown in
the right image of Fig. 23, there are three misjudged leakage
points (marked with blue triangle symbols). Although there
are misjudged positions, the proportion is small at 5.9%. The
test time in this case was about 15 minutes, saving approx-
imately 83.3% of the time. The cost of misjudged positions
relative to the time saved is acceptable.
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FIGURE 21. Imaging localization results at 20GHz.

FIGURE 22. Localization error.

Of course, sparse sampling has a lower localization resolu-
tion than full sampling due to a lack of sufficient information.
The positions of holes aremainly at the intersection of various
lines. The resolution can be improved by increasing number
of the sampling points. In practical engineering applications,
the appropriate sampling method can be selected by compre-
hensively considering the testing cost and imaging resolution.

FIGURE 23. Sparse sampling localization analysis results.

VI. CONCLUSION
This paper investigates a method for locating electromagnetic
radiation leakage based on synthetic aperture interferomet-
ric passive radiometer imaging. Electromagnetic radiation
signals are measured at a certain distance from the space-
craft, forming visibility samples. The corrected brightness
temperature of the target is obtained through the inverse
Fourier transform, resulting in an image of the spacecraft
surface’s electromagnetic leakage localization. The effects of
positional parameters, test antenna positioning accuracy, and
scanning parameters on the imaging results were analyzed.
A sparse sampling method based on particle swarm optimiza-
tion is proposed to improve testing efficiency. Experiments
were conducted on an electromagnetic leakage structure with
a 1m×1m×1m cube and 51 holes on one face. The experi-
ments verified that the algorithm of this paper can image and
locate electromagnetic leakage points. Moreover, the method
can perform imaging localization of electromagnetic leak-
age points at different frequencies. At specific frequencies,
some holes may not cause severe electromagnetic leakage,
and the method can identify them to avoid unnecessary
shielding treatment. Additionally, the effectiveness of sparse
sampling was verified through experiments, which can accu-
rately locate electromagnetic leakage positions while saving
83.3% of the test time. The method of this paper can be
applied to the localization of electromagnetic leakage sources
in spacecraft with complex electromagnetic environments,
offering significant application value for spacecraft shielding
design.
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