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ABSTRACT The accuracy of the RCS (Radar Cross Section) test is closely related to the conductivity
of the model surface. The Chinese military standard has stringent surface resistance criteria for models.
If the resistance criteria are appropriately relaxed, model processing can be more effective and expenses can
be reduced. However, there are few quantitative evaluations of the relationship between surface resistance
and RCS test error, making it impossible to design the model surface resistance in accordance with RCS
test accuracy requirements. In this paper, firstly, the influence of model surface resistance on RCS is
clarified through theoretical, simulation, and experimental research. The RCS analysis approach of the finite
conductivity model is established. Subsequently, taking various typical shapes as research objects, such as
the sphere, cube, flying wing aircraft, wing-body combination, and stealth aircraft, the simulation analysis of
radar scattering characteristics is carried out under varied sheet resistances and multiple frequencies. A more
attainable surface conductivity control standard for the RCS test model has been formulated, which is relaxed
by 93% and 727% for models with average RCS of less than and higher than -30dBsm compared with the
indicator in the Chinese military standard.

INDEX TERMS Surface resistance, RCS test model, quantitative analysis, Chinese military standard,
accuracy requirement.

I. INTRODUCTION
Model processing is an essential part of RCS testing. Com-
pared with traditional sheet metal processing, emerging pro-
cessing techniques such as 3D printing can better fulfill
current experimental needs due to their high precision, high
efficiency, and low cost [1], [2].

According to the current Chinese military standard
(GJB5022-2001) [3], the resistance measured between two
points on the surface of the RCS test model at inter-
vals of 300 mm should be less than 1 ohm. For weight,
price-performance ratio, and molding process considerations,
3D printing models for RCS tests are typically made of insu-
lating materials with a layer of conductive paint sprayed on
the surface to provide conductivity [4], [5]. However, the time
and cost required to use this method to meet the requirements
of GJB5022-2001 are relatively high.

The associate editor coordinating the review of this manuscript and
approving it for publication was Chan Hwang See.

However, most of the current research [6] on the influ-
ence of model surface resistance on RCS is focused on
qualitative analysis. If the quantitative relationship between
surface resistance and RCS testing error can be established,
the conductivity of the model surface can be determined
according to the test accuracy requirements, thereby reducing
the processing difficulty.

In order to solve the problems mentioned above and make
emerging processing technology more accessible to RCS test
models, this paper aims to explain the influence of model
surface resistance on RCS quantitatively; and establish an
RCS analysis method for complex finite conductivity models
through theoretical, simulation and experimental research.
According to the simulation analysis of radar scattering char-
acteristics at different frequencies for a variety of typical
shapes, a more accessible implemented surface resistance
standard of the RCS test model is developed based on the
actual test conditions of the general compact range in the
anechoic room [7].
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II. RESEARCH ON THE INFLUENCE OF SHEET
RESISTANCE ON RCS
For the general 3D processing RCS test model, the conductiv-
ity is entirely provided by the conductive paint on the surface.
Due to wave-transmissive [8], the internal insulating structure
has no effect on the RCS test. The conductive paint on the
outer layer can be regarded as a conductive film since the
thickness is small enough relative to the size. Consequently,
the conductive film is directly used as the research object in
section 2.

A. THEORETICAL EXPLANATION OF THE CORRELATION
BETWEEN SURFACE RESISTANCE AND RCS
RCS can be defined by the scattered field at the radar receiv-
ing antenna and the incident field at the target as [9]

σ = lim
R→∞

4πR2
|ES |2

|EI |2
= lim

R→∞
4πR2

|HS |2

|HI |2
(1)

where R is the distance between the target and radar receiving
antenna, ES , HS are the electric and magnetic field strength
of the scattered echo at the radar receiving antenna, and EI ,
HI are the electric and magnetic field strength of the incident
wave.

Meanwhile, the reflection coefficient represents the ratio of
the reflected electric or magnetic field to the incident electric
or magnetic field. As a result, the influence of the film’s con-
ductivity on RCS that we are concerned about is the influence
of the film’s conductivity on the reflection coefficient.

According to the literature [10], [11], the reflection coef-
ficient of a conductive film with the thickness of d and the
conductivity of σ can be expressed as:

R =
α − β

(α + 1)(β + 1)
(2)

where α = iωµ0d
2η0

, β = ση0d
2 ,ω = 2π f represents the angular

frequency, µ0 = 8.85× 10−12 is the permeability of vacuum
and η0 ≈ 377� is the impedance of free space, σ stands for
conductivity.

Assuming a conductive film with thickness of 20 µm and
conductivity of 103S/m, the magnitude of α and β under
different bands are shown in TABLE 1.

TABLE 1. Magnitude of α and β under different bands.

As can be seen in the TABLE 1, the value of α can be
ignored compared with β since in the range of P-band to

Ka-band, the magnitude of α and β differs by 10−7 at least.
Thus, simplify the Eq.(2) to get the reflectivity of the conduc-
tive film:

R = (1+
2

ση0d
)−1 = (1+

2Rs
η0

)−1 (3)

where Rs = ρ
d =

1
σd represents the sheet resistance of

the conductive film, which is a physical quantity used to
characterize the resistivity of film and the unit is �/�,
ρ stands for resistivity.

According to Eq.(3), the reflection coefficient is only
directly related to the sheet resistance of the conductive film,
as with the radar scattering characteristics.

B. SIMULATION ANALYSIS AND EXPERIMENTAL
VERIFICATION OF THE INFLUENCE OF SHEET
RESISTANCE ON RCS
To further discuss the influence of resistance on RCS under
different incident angles, in this part, the ITO (Indium Tin
Oxide) conductive film with different square resistances
is taken as the research object, and this problem is fur-
ther analyzed and verified through computational electro-
magnetic simulation and compact field test methods. The
ITO conductive film is produced by the magnetron sputtering
process [12], and the sheet resistance is controllable and
uniform,making it ideal for quantitative analysis and repeated
tests [13], [14].

The arithmetic average of RCS is commonly employed to
express the radar scattering characteristics of a target within a
specific angle range since RCS fluctuates with the incidence
angle. The average value of the RCS in the forward, lateral,
and backward directions is defined as the mean value of the
RCS within±30 degrees around the 0-degree incident angle,
90-degree incident angle, and 180-degree incident angle [15].

Simulations are performed using ITO conductive films
measuring 0.3 meters in length and 0.2 meters in breadth.
Four different sheet resistances are selected for the simu-
lation. The film’s number and sheet resistance are shown
in Table 2. As illustrated in Fig.1, the incident wave is

FIGURE 1. Simulation model of ITO conductive film.
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vertically polarized, with an incident angle ranging from−30
to 30 degrees. As a reference, an aluminum plate of the same
size is also selected for simulation to determine the difference
between the RCS of ITO conductive films with varied sheet
resistances and the RCS of the metal model.

Meanwhile, experiments using ITO conductive films are
carried out to evaluate the accuracy of the simulation method,
with the same experimental settings as the simulation. For the
convenience of testing, the ITO conductive film is attached
to the insulating glass plate by the magnetron sputtering
process to simulate conductive paint sprayed on the insulating
model [16], as illustrated in Fig.2.

The RCS test [17] is conducted in an anechoic room that
simulates free-space and far-field conditions. The compact
range has a quiet zone with a size of 82.5m× 2.5m, a back-
ground level lower than −80dBsm, and a test error of less
than 0.5dB for targets greater than −50dBsm.

TABLE 2. Comparison between simulation and measured RCS.

The comparison between the simulation and measured
value of forward RCS average for #1∼#4 ITO conduc-
tive films and aluminum plate are shown in Table 2 and
Fig.3∼Fig.7. The figure’s title is composed of two parts:
‘‘ITO#1’’ denotes the ITO conductive film number, and
‘‘Rs1.5’’ denotes the sheet resistance.

The difference between the forward RCS average of the
ITO conductive film and the aluminum plate reduces as
the sheet resistance decreases. The difference is only about
0.07dB when the sheet resistance is 1.5�/�. The simulation
value is nearly identical to the test value, with an error of
less than 0.15dB, demonstrating the accuracy of the RCS
simulation method for the finite conductivity model and the

FIGURE 2. RCS test of ITO conductive film.

FIGURE 3. Comparison between simulation and test for metal plate.

FIGURE 4. Comparison between simulation and test for ITO #1.

FIGURE 5. Comparison between simulation and test for ITO #2.

theoretical framework established in this paper for the influ-
ence of the sheet resistance of the model surface on the radar
scattering characteristics.

C. QUANTITATIVE ANALYSIS OF THE INFLUENCE OF
SHEET RESISTANCE ON RCS
To further quantify the influence of sheet resistance on
RCS, the ITO conductive film, which can be regarded as
a simple plate model, is utilized for quantitative simulation
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FIGURE 6. Comparison between simulation and test for ITO #3.

FIGURE 7. Comparison between simulation and test for ITO #4.

analysis after establishing the RCS analysis method of the
finite conductivity model and validating it with the RCS
test.

It should be noted that the indicator in the Chinese military
standard is the resistance between two points on the model
surface, and its relationship with the sheet resistance has
been proven in another paper by the author. Since sheet
resistance can be employed directly in RCS simulation, the
sheet resistance is used to characterize the conductivity of
the model surface in this paper. The indicator specified in
the Chinese military standard is also stated as 0.725 �/� in
sheet resistance. The author describes the specific theoretical
derivation procedure in another paper. [18].

To establish a more intuitive mapping relationship between
sheet resistance and RCS, the average forward RCS value
of ITO conductive film is calculated for a range of sheet
resistances from 0 to 50 �/� and compared with that of a
PEC (Perfect Electric Conductor) plate. As depicted in Fig.8,
the difference between the forward RCS average of the ITO
conductive films with varied sheet resistances and the PEC
plate can be acquired to construct the curve of the difference
against sheet resistance. When the difference is smaller than

the permissible test error, the test model under the current
sheet resistance can be considered to meet the conductivity
requirements.

In Fig.8, the right figure is an enlargement of the red
box on the left figure, and the star indicates the difference
corresponding to the sheet resistance value specified in
GJB5022-2001. As described in the figure, the difference is
significantly reduced with the decrease of the sheet resistance
until it reaches the star mark. After that, the difference tends
to change gradually.

The forward RCS average of the model with sheet resis-
tance specified by the GJB5022-2001 is quite close to
that of the PEC model, with a difference of only 0.035dB
for the plate model. If the actual test accuracy is limited,
the model’s surface resistance criteria can be appropriately
relaxed.

FIGURE 8. Difference of RCS average versus sheet resistance for plate
model.

III. SIMULATION ANALYSIS OF THE ACCEPTABLE SHEET
RESISTANCE FOR VARIOUS SHAPES AND MULTIPLE
FREQUENCIES
As previously stated, the model’s sheet resistance impacts
the reflection and transmission coefficients. For the plate
model, the transmitted electromagnetic wave enters the free
space without encountering other conductive surfaces; for the
complex model, the transmitted electromagnetic wave will be
reflected and transmitted numerous times in the cavity within
the model [19], [20]. The impact of sheet resistance on RCS
must also consider factors such as the model’s complex shape
and the incident wave’s frequency.

In section 2, simulation analysis and experimental verifi-
cation are carried out with the plate model as the research
object. The electromagnetic simulation method for the finite
conductivity model is established, and the influence of the
surface resistance on the model RCS is clarified. In section 3,
the simulationmethod of the finite conductivity model is used
to conduct RCS analysis of various shapes at multiple fre-
quencies. The curves of average RCS versus sheet resistance
are plotted separately to obtain the acceptable sheet resistance
range for each model.

The specific simulation method for each model is as
follows:

1. Establish the simulation model of corresponding sheet
resistance within the range of 0-10�/� with an interval of
0.1�/�, and calculate the forward, lateral and backward
RCS average of the model under the sheet resistance;
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2. Establish the simulation model of PEC, and calcu-
late the forward, lateral and backward RCS average of the
PEC model;

3. Plot the curve of forward, lateral and backward RCS
average values versus sheet resistance. The blue curve rep-
resents the RCS of the model with different sheet resistances,
and the red dotted line represents the RCS of the PEC model.
The closer the two curves are, the smaller the test error under
the current sheet resistance.

4. Establish the upper and lower error limits within ±1dB
based on the RCS of the PEC model. The error under the
specific sheet resistance is considered acceptable when the
RCS value is within limits.

A. INFLUENCE OF SHAPE ON SURFACE CONDUCTIVITY
REQUIREMENTS
In this part, simulations are performed for typical shapes such
as the sphere, cube, flying wing aircraft, wing-body com-
bination, and stealth aircraft to develop a surface resistance
control standard suitable for most shapes.

The curves of average RCS versus sheet resistance are
derived using the simulation method described above; the
maximum acceptable sheet resistance of each shape is sum-
marized in Table 3. The lower the RCS of the model itself,
the higher the requirements for surface conductivity. By ana-
lyzing the acceptable sheet resistance of five typical shapes,
the conclusion can be drawn as follows: The highest required
sheet resistance is 1.4�/�, with the corresponding average
RCS of −52.55dBsm and −36.91dBsm, respectively.

TABLE 3. Maximum acceptable sheet resistance of typical shapes.

1) VARIATION OF AVERAGE RCS OF SPHERE MODEL WITH
SHEET RESISTANCE
The sphere model with a diameter of 0.2 meters is shown
in Fig.9. Only the forward RCS average is compared due to
symmetry. According to Fig.10, within the calculated sheet
resistance range (0∼10�/�), the difference of average RCS
between the calculated model and the PEC model is con-
trolled within 1dB.

FIGURE 9. Sphere model.

FIGURE 10. Forward RCS average versus sheet resistance (Sphere).

2) VARIATION OF AVERAGE RCS OF CUBE MODEL WITH
SHEET RESISTANCE
The cube model with a side length of 0.2 meters is shown in
Fig.11. In view of symmetry, only the forward RCS average
is compared. According to Fig.12, within the calculated sheet

FIGURE 11. Cube model.
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FIGURE 12. Forward RCS average versus sheet resistance (Cube).

resistance range (0∼10�/�), the discrepancy in average
RCS between the calculated model and the PEC model is
controlled within 1dB.

3) VARIATION OF AVERAGE RCS OF FLYING WING AIRCRAFT
WITH SHEET RESISTANCE
The flying wing aircraft model with a length of 0.22 meters
and a wingspan of 0.209 meters is shown in Fig.13. The
forward, lateral, and backward RCS of the model are com-
pared to those of the PEC model. Since the forward RCS
of the flying wing aircraft is as low as -52.55dB, the rel-
ative error under the same absolute error is substantially
larger, necessitating the absolute error in the RCS test to
be as small as feasible, namely, the conductivity of model
surface needs to be closer to the PEC model. The maxi-
mum acceptable sheet resistance is selected to be 1.4�/�
based on the forward, lateral, and backward RCS limitations
(Fig.14∼ Fig.16).

FIGURE 13. Flying wing aircraft model.

5. Evaluate the forward, lateral, and backward RCS error
thoroughly, and summarize the acceptable sheet resistance
value range.

FIGURE 14. Forward RCS average versus sheet resistance (Flying wing).

FIGURE 15. Lateral RCS average versus sheet resistance (Flying wing).

FIGURE 16. Backward RCS average versus sheet resistance (Flying wing).

4) VARIATION OF AVERAGE RCS OF WING-BODY
COMBINATION WITH SHEET RESISTANCE
The wing-body combination model with a length of
1.192 meters and a wingspan of 0.889 meters is shown in
Fig.17. Considering the forward, lateral, and backward RCS
limits (Fig.18∼ Fig.20), the maximum acceptable sheet resis-
tance is selected to be 1.4�/�.
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FIGURE 17. Wing-body combination model.

FIGURE 18. Forward RCS average versus sheet resistance (Wing-body).

FIGURE 19. Lateral RCS average versus sheet resistance (Wing-body).

5) VARIATION OF AVERAGE RCS OF STEALTH AIRCRAFT
WITH SHEET RESISTANCE
The stealth aircraft model with a length of 1.025 meters and
a wingspan of 0.683 meters are shown in Fig.21. The max-
imum acceptable sheet resistance is selected to be 8.9�/�
based on the forward, lateral, and backward RCS limitations
(Fig.22∼ Fig.24).

FIGURE 20. Backward RCS average versus sheet resistance (Wing-body).

FIGURE 21. Stealth aircraft model.

FIGURE 22. Forward RCS average versus sheet resistance (Stealth).

B. INFLUENCE OF FREQUENCY ON SURFACE
CONDUCTIVITY REQUIREMENTS
In order to clarify the influence of frequency on the model’s
surface conductivity requirements, in this part, the shape of
flying wing aircraft with stricter sheet resistance require-
ments is selected for analysis at multiple frequencies, as
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FIGURE 23. Lateral RCS average versus sheet resistance (Stealth).

FIGURE 24. Backward RCS average versus sheet resistance (Stealth).

illustrated in Fig.25. The curves of average RCS ver-
sus sheet resistance are plotted when the electromagnetic
wave frequency is in P-band, L-band, S-band, C-band and
X-band [21], and the maximum acceptable sheet resistance of
flying wing aircraft is summarized for each frequency band,
as shown in Table 4.

TABLE 4. Maximum acceptable sheet resistance of different frequency
bands.

FIGURE 25. Flying wing aircraft model.

TABLE 5. Calculated frequency and wingspan of flying wing aircraft.

FIGURE 26. Forward RCS average versus sheet resistance (P-band).

FIGURE 27. Lateral RCS average versus sheet resistance(P-band).

As frequency increases, the model’s average RCS
decreases, and the surface conductivity requirements also
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FIGURE 28. Backward RCS average versus sheet resistance(P-band).

FIGURE 29. Forward RCS average versus sheet resistance (L-band).

FIGURE 30. Lateral RCS average versus sheet resistance(L-band).

increase. Among all the calculation bands, X-band has
the most stringent sheet resistance requirement, which
is 1.5�/�, and the corresponding average RCS is
−44.33dBsm; For the case where the average RCS is rel-
atively high (above −30dBsm), the most stringent sheet

FIGURE 31. Backward RCS average versus sheet resistance(L-band).

FIGURE 32. Forward RCS average versus sheet resistance (S-band).

resistance is 6.2�/�, and the corresponding average RCS
is −25.45dBsm.

1) VARIATION OF AVERAGE RCS WITH SHEET RESISTANCE
AT DIFFERENT FREQUENCIES
Considering the geometric size requirements of the high-
frequency region corresponding to each band, the size of
the simulation model of the flying wing aircraft will vary
at different frequencies, but the shape remains unchanged,
as shown in Fig.25. The calculated frequency and wingspan
under each band are displayed in Table 5. The curves
of the forward, lateral, and backward RCS vary with
sheet resistance are respectively illustrated in Fig.26∼Fig.28
(P-band), Fig.29∼Fig.31 (L-band), Fig.32∼Fig.34 (S-band),
Fig.35∼Fig.37 (C-band), Fig.38∼Fig.40 (X-band).

IV. SUGGESTIONS FOR SURFACE CONDUCTIVITY OF RCS
TEST MODEL
In section 3, a simulation study is performed for several
typical shapes at multiple frequencies, and the acceptable
sheet resistance range for the simulation model within an
error of ±1dB is clarified. RCS test models are diverse and
surface resistance control standards of the model cannot be
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FIGURE 33. Lateral RCS average versus sheet resistance(S-band).

FIGURE 34. Backward RCS average versus sheet resistance(S-band).

FIGURE 35. Forward RCS average versus sheet resistance (C-band).

established for a specific shape. Therefore, by comparing the
simulation results of five typical shapes at various frequen-
cies, which are summarized in Table 3 and Table 4, the case
with the highest requirements for sheet resistance is selected
as the surface resistance control standard of the test model.
Since the higher the average RCS of the model, the lower
the requirement for sheet resistance, two surface resistance

FIGURE 36. Lateral RCS average versus sheet resistance(C-band).

FIGURE 37. Backward RCS average versus sheet resistance(C-band).

FIGURE 38. Forward RCS average versus sheet resistance (X-band).

control standards are developed with −30dB as the dividing
line.

Utilizing the analysis results above and considering that the
standard should be universal, a more accessible surface resis-
tance control standard for the RCS test model is formulated
as follows:

1. According to the conductivity requirements of the five
typical shapes indicated in Table 3, the first standard is
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FIGURE 39. Lateral RCS average versus sheet resistance(X-band).

FIGURE 40. Backward RCS average versus sheet resistance(X-band).

conservatively proposed as: The sheet resistance of the
model surface should not exceed 1.4�/� when the aver-
age RCS of the model is lower than −30dBsm, which
is 93% relaxed compared to the Chinese military standard.

2. According to the conductivity requirements of the five
frequencies indicated in Table 4, the second standard is con-
servatively proposed as: The sheet resistance of the model
surface should not exceed 6�/�when the average RCS of
the model is higher than−30dBsm, which is 727% relaxed
compared to the Chinese military standard.

V. CONCLUSION
In order to elucidate the influence of the surface conductivity
of the model on the radar scattering characteristics, the RCS
analysis method for the finite conductivity model is estab-
lished by theoretical, simulation and experimental research.
The simulation analysis of radar scattering characteristics
under different sheet resistances and multiple frequencies
is carried out using a variety of typical shapes such as the
sphere, cube, flying wing aircraft, wing-body configuration,
and stealth aircraft as research objects.

The conclusions are as follows:
(1) The influence of sheet resistance of the model sur-

face on the radar scattering characteristics is analyzed
quantitatively.

(2) The RCS simulation method of the finite con-
ductivity model is established based on computational
electromagnetics.

(3) The RCS test is performed on ITO conductive films
with different sheet resistances in a compact range. The sim-
ulation value of RCS is basically the same as the test value.

(4) The surface conductivity control standard of the RCS
test model, which takes into account the conductivity require-
ments of various shapes and multiple frequencies, can be
summarized as follows: The sheet resistance of the model
surface should not exceed 1.4�/� or 6�/� for models
with average RCS less than or higher than −30dBsm,
which is 93% and 727% relaxed compared to that of the
Chinese military standard.
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