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In order to design the scale model in a wide frequency range, a method based on the reflective loss is proposed
according to the high-frequency approximation algorithm, and an example of designing the scale model of a plate-shaped
absorber is given in this paper. In the example, the frequency of the full-size measurement ranges from 2.0 GHz to 2.4 GHz,
the thickness of the full-size absorber is 1 mm and the scale ratio is 1/5. A two-layer scale absorber is obtained by the
proposed method. The thickness values of the bottom and top layer are 0.4 mm and 0.5 mm, respectively. Furthermore,
the scattering properties of a plate model and an SLICY model are studied by FEKO to verify the effectiveness of the
designed scale absorber. Compared with the corresponding values from the theoretical scale model, the average values of
the absolute deviations in 10 GHz∼12 GHz are 0.53 dBm2, 0.65 dBm2, 0.76 dBm2 for the plate model and 0.20 dBm2,
0.95 dBm2, 0.77 dBm2 for the SLICY model while the incident angles are 0◦, 30◦, and 60◦, respectively. These deviations
fall within the Radar cross section (RCS) measurement tolerance. Thus, the work in this paper has important theoretical
and practical significance.

Keywords: scale model, plate-shaped absorber, wide frequency range, RCS
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1. Introduction
The radar cross section (RCS) plays a very important role

in object recognition, electronic warfare technology, etc. The
most common methods to acquire the RCS of an object include
the full-size measurement and the scale measurement.[1–4] As
the full-size measurement is accompanied by many difficul-
ties, such as falling short of the full-size object, poor controlla-
bility, expensive cost etc, the scale measurement has received
increasing attention and it is widely applied to the study of the
scattering properties. The classic scale theory was proposed
by Stratton[5] and Sinclair[6] on the basis of the linear theory
of Maxwell’s equations. It is required that the scale system
have the same electrical size as the full-size system, which
means that the electromagnetic parameters of all materials in
both systems are identical at the corresponding frequencies.
Then, σscale = σfull + 20lg p, where σscale is the RCS of the
scale model at the scale frequency, σfull is the RCS of the full-
size model at the full-size frequency, and p is the scale ratio.

In the scale measurement, it is crucial to construct an ac-
curate scale model. Because there is little difficulty in con-
structing a satisfactory model for a perfect electric conduc-
tor (PEC) or weak loss dielectric materials, existing studies of
the scale measurement mainly focus on the models composed
of these materials.[7–11] However, many engineering materials,
such as absorbers, have obvious frequency-dependent proper-

ties in the full-size frequency range.[12–14] Meanwhile, as the
broadband radar can effectively improve the detection resolu-
tion to meet the requirement for the high-precision detection,
the scattering properties of an object in a wide frequency range
have attracted a great deal of attention. It is almost impossi-
ble to fabricate the scale material in the scale frequency range
which has identical frequency-dependent properties with the
theoretical scale material. Thus, it is urgent to develop some
other principles to promote the development of the scale mea-
surement in engineering.

In this paper, a method of designing the scale model in a
wide frequency range based on the reflective loss is proposed
according to the high-frequency approximation algorithm, and
the design procedure is introduced in detail. An example is
given to verify the effectiveness of the method, where a plate
model and an SLICY model are constructed. Their scattering
properties are simulated by FEKO and comparisons between
the designed scale model and the theoretical scale model are
performed.

2. Theories and methods
2.1. High-frequency approximation algorithm

According to the high-frequency approximation algo-
rithm in electromagnetic scattering theories, the scattering
electric field and magnetic field of a target can be determined
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by the induced electric current and magnetic current on its sur-
face, and the scattering field of the target can be calculated by
the Stratton–Chu formula,[15] which is expressed as follows:

𝐸s =
jk
4π

e−jkr

r

∫
s
ŝ× (𝑀s +η0ŝ×𝐽s)e jk𝑟′·(ŝ−î)ds′, (1)

𝐻s =− jk
4π

e−jkr

r

∫
s
ŝ× (𝐽s−

1
η0

ŝ×𝑀s)e jk𝑟′·(ŝ−î)ds′, (2)

where 𝐸s and 𝐻s are the scattering electric field and magnetic
field, respectively; 𝑀s and 𝐽s are the induced electric current
and magnetic current on the surface of the target, respectively;
η0 is the impedance in free space; k is the propagation constant
in free space; r is the distance from the observing location to
the target; ŝ and î are the unit vectors of the scattering direction
and the incident direction, respectively; S is the entire surface
of the target. The induced electric current and magnetic cur-
rent are calculated by the following expressions:

𝐽s = (𝐻 i +𝐻r)× n̂, (3)

𝑀s = n̂× (𝐸i +𝐸r), (4)

where 𝐸i and 𝐻 i are the incident electric field and magnetic
field, respectively; n̂ is the unit normal vector of the surface.
In Eqs. (3) and (4), 𝐸r and 𝐻r can be written as the following
expressions,

𝐸r = (𝐸i · v̂i
⊥)R⊥v̂r

⊥+(𝐸i · v̂i
‖)R‖v̂

r
‖, (5)

𝐻r = (𝐻 i · v̂i
⊥)R‖v̂

r
⊥+(𝐻 i · v̂i

‖)R⊥v̂r
‖, (6)

where v̂ denotes a unit vector; i and r represent the incidence
and reflection, respectively; ‖ and ⊥ refer to the normal di-
rection and tangential direction, respectively. The integral part∫

s e jk𝐾·𝑟′ ds′ in the scale system is almost the same as the full-
size system. According to the above formulae, it can be de-
duced that the calculated results of the scattering electric field
and magnetic field are identical as the reflection coefficients
are the same everywhere on the surface of the target. Thus, the
scale model of an electromagnetic absorber can be designed by
the reflective loss (RL). This approach brings two important
benefits: on the one hand, the electromagnetic parameters of
the scale absorber can be different from those of the full-size
absorber; on the other hand, the geometric sizes, such as the
thickness, are free from the limitation of the scale ratio. These
two points will make it easy to construct the scale absorber in
engineering.

2.2. Calculating the RL of a multilayer absorber

It is known that a single layer absorber can always be op-
timized to have a specific RL at a single frequency or in a
very narrow frequency range.[16] In order to make the absorber
have the required RL in a wide frequency range, a multilayer
absorber is a good candidate. Figure 1 shows the schematic de-
scription for calculating the reflection coefficient of an n-layer
absorber irradiated obliquely by the plane microwave.

θ

θk

n ...

PEC

Fig. 1. (color online) Schematic description for calculating the reflec-
tion coefficient of an n-layer absorber irradiated obliquely by the plane
microwave.

As the absorber is irradiated obliquely by the plane mi-
crowave, the RL is associated with the microwave polarization
mode. TE wave and TM wave are the most common modes,
and the RL of a multilayer absorber irradiated by TE wave and
TM wave could be calculated from the following formulae,[17]

respectively:

RL𝑇E = 20lg
∣∣∣∣Zin,n cosθ −Z0

Zin,n cosθ +Z0

∣∣∣∣ , (7a)

RL𝑇M = 20lg
∣∣∣∣Zin,n−Z0 cosθ

Zin,n +Z0 cosθ

∣∣∣∣ , (7b)

where the bottom layer and the top layer denote the 1st layer
and the n-th layer, respectively; θ is the incident angle, Z0 is
the impedance with the value of 377 Ω in free space, and Zin,n

is the input impedance of the top layer and can be derived from
the following recursion formulae:

Zin,1 = Z0Z1 tanh(γ1d1) , (8)

Zin,k = Zk
Zin,k−1 +Zk tanh(γkdk)

Zk +Zin,k−1 tanh(γkdk)
, (k = 2, . . . ,n) , (9)

where Zk, γk, and dk are the impedance, the propagation con-
stant, and the thickness of the k-th layer, respectively. The γk

can be calculated from the following equation:

γk = j
2π f
C
√

µkεk cosθk, (10)

where εk and µk are the permittivity and permeability of the
k-th layer, respectively; f is the frequency, C is the microwave
propagation velocity in free space, θk is the incident angle in
the k-th layer and it can be calculated by the following equa-
tion:

cosθk =

√
1− sin2

θ

µkεk
. (11)

In Eq. (9), Zk can be calculated from the following equation as
the absorber is irradiated by TE wave:

ZTE
k =

Z0

cosθk

√
µk

εk
, (12a)
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while the absorber is irradiated by TM wave,

ZTM
k = Z0 cosθk

√
µk

εk
. (12b)

Combining Eq. (7)–Eq. (12), the RL of a multilayer absorber
could be calculated. On the basis of the RL, the scale model
of a plate-shaped absorber in a wide frequency range can be
designed.

2.3. Optimizing the RL of the scale absorber in a wide fre-
quency range

The RL of a multilayer absorber is determined by these
factors including the number of layers, the thickness and the
electromagnetic parameters of each layer. Optimizing these
parameters is the core of designing the scale model of an ab-
sorber in a wide frequency range, which will make the RL of
the designed scale absorber identical with that of the theoret-
ical scale absorber as much as possible at any incident angle.
The optimizing procedure includes the following four steps.

(i) Input data
The data include the RL matrix of the theoretical scale

absorber, which is comprised of the RLs at a series of fre-
quencies and incident angles, the maximum number of layers
of the scale absorber, the maximum thickness of the scale ab-
sorber, the minimum thickness which meets the manufacturing
requirements for engineering and the number of loop calcula-
tions.

(ii) Prepare electromagnetic parameters at scale frequen-
cies

Select electromagnetic particles, such as carbonyl iron
particles, ferrite particles, etc, prepare samples by mixing the
selected particles with a binder in different proportions, and
measure the electromagnetic parameters. Furthermore, fit the
measured data by the effective medium theory and record the
formula for calculating the electromagnetic parameters of each
series composite which includes the same kind of electromag-
netic particles.

Here, the famous G-BG formula[18,19] is used to fit the
measured electromagnetic parameters. Since the G-BG for-
mula is suitable for a composite including isotropic inclusions,
nevertheless, anisotropic particles are always employed in en-
gineering, such as disc-shaped particles, rod-shaped particles,
etc, it is necessary to make some changes before using the G-
BG formula. Here, the composite of the maximum inclusion
concentration in each series is treated as a new matrix medium
and the original matrix medium is treated as a new inclusion.
From this perspective, the changed G-BG formula is written
as follows:

pm
φ

1/t
m −φ

1/t
e

φ
1/t
m +Aφ

1/t
e

+(1− pm)
φ

1/s
h −φ

1/s
e

φ
1/s
h +Aφ

1/s
e

= 0, (13)

where t and s are percolation exponents, A = (1− pc)/pc with
pc denoting the percolation threshold; pm is the added vol-
ume fraction of the matrix medium to obtain the composite of
low particle concentration, i.e., pm = 1− pl/ph, with ph and
pl being the particle volume fractions of the highest particle
concentration composite and the lower particle concentration
composite, respectively; φe is the parameter of the effective
medium; φm and φh are the measured parameters of the ma-
trix medium and the highest particle concentration composite,
respectively. The values of t, s, and A can be obtained by fit-
ting a group of the measured parameters. After φm and φh are
measured and t, s, and A are determined, the electromagnetic
parameters of any particle concentration composite can be cal-
culated by Eq. (13).

(iii) Perform loop calculations at scale frequencies
In each loop calculation, generate parameters including

the number of layers, the thickness, the particle kind and the
particle concentration of each layer by normal distribution ran-
dom functions. Record all the parameters. Calculate the elec-
tromagnetic parameters of each layer from the formulae ob-
tained in step (ii). Calculate the RL matrix which is com-
prised of the RL at a series of frequencies and incident angles
by combining Eqs. (7)–(12). Then calculate the deviation by
comparing the calculated RL matrix with the RL matrix of the
theoretical scale absorber and record the deviation.

Here, the deviation is defined as follows:

σ
k =

√
M

∑
m=1

N

∑
n=1

(
RLk

m,n−RLfull
m,n
)2
, (14)

where M and N are the numbers of scale frequencies and in-
cident angles, respectively; RLk

m,n and RLfull
m,n are the elements

of the calculated RL matrix of the k-th calculation and the the-
oretical scale absorber.

(iv) Search the optimal result
After the loop calculations, find out the minimum devi-

ation. Then the parameters of the optimal scale absorber, in-
cluding the number of layers, the thickness, the particle kind
and the particle concentration of each layer, could be obtained
according to the records in the loop calculations.

3. Results and discussion
Here, an example is given to illustrate the procedure of

designing the scale model of a plate-shaped absorber in a
wide frequency range. Only the TE wave is taken into ac-
count because its design procedures are the same as those of
the TM wave. The full-size frequency ranges from 2.0 GHz
to 2.4 GHz, the scale ratio is 1/5. Then the scale frequency
ranges from 10 GHz to 12 GHz. The thickness of the full-
size absorber is 1 mm. The electromagnetic parameters of
the theoretical scale absorber are the same as those of the
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full-size absorber at corresponding frequencies in a range of
2.0 GHz–2.4 GHz, and the thickness of the theoretical scale
absorber is 0.2 mm. According to the optimizing method in-
troduced in Subsection 2.3, the designed scale absorber has
two layers with a 0.4-mm-thick bottom layer and a 0.5-mm-
thick top layer. The electromagnetic parameters of the theo-
retical scale absorber in a frequency range of 10 GHz–12 GHz
are the same as those of the full-size absorber at the corre-
sponding frequencies ranging from 2.0 GHz to 2.4 GHz. Fig-
ure 2 shows that the plots of frequency-dependent permittivity
and permeability of the theoretical scale absorber and the two
layers of the designed scale absorber in a frequency range of
10 GHz∼12 GHz.
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Fig. 2. (color online) Plots of frequency-dependent complex permittiv-
ity and permeability of the theoretical scale absorber and the designed
scale absorber in a frequency range of 10 GHz–12 GHz.

Figure 3 shows the plots of the calculated incident-angle-
dependent and frequency-dependent RL of the theoretical
scale absorber and the designed scale absorber. As shown in
Fig. 3(a), it is illustrated that the incident-angle-dependent RL
changes as the incident angle at the selected scale frequen-
cies of 10 GHz, 11 GHz, and 12 GHz, and it can be seen
that the RLs between the theoretical scale absorber and the
designed scale absorber are in good agreement at frequencies
ranging from 0◦ to 85◦. In Fig. 3(b) it is illustrated that the RL
changes as the scale frequency at the selected incident angles
of 0◦, 30◦, and 60◦, and it can be seen that the RLs of the de-
signed scale absorber accord well with those of the theoretical

scale absorber in a frequency range of 10 GHz–12 GHz, where
the average values of the absolute deviations are 0.012 dB,
0.0021 dB, and 0.0097 dB for 0◦, 30◦, and 60◦, respectively.

In order to verify the effectiveness of the designed scale
absorber, plate-shaped absorber models are constructed and
the scattering properties are investigated by the commercial
software FEKO. Here, the length of the full-size plate is
500 mm and its thickness is 1 mm. Thus, the theoretical scale
plate has the length of 100 mm and the thickness of 0.2 mm.
The designed scale plate has two layers with a 0.4-mm-thick
bottom layer and a 0.5-mm-thick top layer, and both layers
have a length of 100 mm.

10 GHz  11 GHz  12 GHz
  the theoretical scale absorber
  the designed scale absorber

0 10 20 30 40 50 60 70 80
-3.0

-2.5

-2.0

-1.5
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Incidence angle/(O)

10.0 10.4 10.8 11.2 11.6 12.0
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0

0O 30O 60O
   the theoretical scale absorber
   the designed scale absorber

R
L
/
d
B

Frequency/GHz

(b)

Fig. 3. (color online) RLs of theoretical scale absorber and designed
scale absorber, showing their changes (a) as incident angle when scale
frequencies are 10 GHz, 11 GHz, and 12 GHz, respectively, and (b)
as the scale frequency when the incident angles are 0◦, 30◦, and 60◦,
respectively.

Figure 4 shows the simulated model of an absorber plate
for studying the bi-static RCS and the simulated results of the
theoretical scale plate and the designed scale plate at 10 GHz,
11 GHz, and 12 GHz. The plate is irradiated by TE wave in
the normal direction. The observation point is located in the
directions of the elevation angle ranging from 0◦ to 85◦ and
the azimuth angle equal to 0◦. As shown in Fig. 4(b), it can
be seen that the bi-static RCS of the theoretical scale plate and
that of the designed scale plate are in excellent agreement with
each other, which means that the scattering property of the de-
signed scale plate is very close to that of the theoretical scale
plate.
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Fig. 4. (color online) (a) Simulation model of an absorber plate and (b)
simulation bi-static RCS of the theoretical scale plate and the designed
scale plate.

Meanwhile, the mono-static RCS of the theoretical scale
plate and the designed scale plate are studied as the TE wave
irradiates in the directions of the elevation angle ranging from
0◦ to 85◦ and the azimuth angle equal to 0◦. Figure 5 shows
the plots of the simulation results. As shown in Fig. 5(a), the
mono-static RCS changes as the incident angle at the selected
scale frequencies of 10 GHz, 11 GHz, and 12 GHz, and it
can be seen that the results from the theoretical scale plate
and the designed scale plate are in good agreement with each
other. As shown in Fig. 5(b), the mono-static RCS changes
as the scale frequency at the selected incident angles of 0◦,
30◦, and 60◦, and it can be seen that the mono-static RCSs
of the designed scale plate and the theoretical scale plate have
the same change tendency in a frequency range of 10 GHz–
12 GHz at the three incident angles. The closer to the normal
direction of the plate the incident direction is, the better the
mono-static RCS of the designed plate fits that of the theoret-
ical scale plate. In 10 Hz–12 GHz, the average values of the
absolute deviations are 0.53 dBm2, 0.65 dBm2, and 0.76 dBm2

while the incident angles are 0◦, 30◦, and 60◦, respectively. It
is explained by the following two reasons: 1) the RL depends
on the scattering properties in the reflecting direction and the
mono-static RCS depends on the scattering properties in the
anti-incidence direction. This means that the scattering prop-
erties in the anti-incidence direction can be different though
the scattering properties in the reflecting direction are identi-
cal; 2) as shown in Fig. 3(b), the larger the incident angle is,

the larger the deviations of the RL are.
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Fig. 5. (color online) The simulation mono-static RCSs of the theoretical
scale plate and the designed scale plate, showing changes (a) with incident
angle when the scale frequencies are 10 GHz, 11 GHz, and 12 GHz, respec-
tively; (b) with scale frequency when the incident angles are 0◦, 30◦, and
60◦, respectively.

unit: mm

z

x y

Fig. 6. Schematic description of the full-size SLICY model.

Furthermore, a complicated model, SLICY, which in-
cludes many electromagnetic scattering mechanisms such as
specular-reflection, multiple-reflection, creeping wave scatter-
ing, cavity scattering, etc, is constructed and the mono-static
RCS is simulated. Figure 6 illustrates the full-size SLICY
model as well as its key geometric parameters. All the sur-
faces are coated by the full-size absorber. The TE wave irradi-
ates the SLICY in the directions of the elevation angle ranging
from 0◦ to 90◦ and the azimuth angle is equal to 0◦.

The simulated results are plotted in Fig. 7. As shown
in Fig. 7(a), the mono-static RCS changes as the incident an-
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gle at the selected scale frequencies of 10 GHz, 11 GHz, and
12 GHz, and it can be seen that the results from the theoretical
scale SLICY and the designed scale SLICY are in good agree-
ment with each other. As shown in Fig. 7(b), the mono-static
RCS changes as the scale frequency at the selected incident an-
gles of 0◦, 30◦, and 60◦, and it can be seen that the mono-static
RCS of the designed scale SLICY and the theoretical scale
SLICY have a similar change tendency in 10 GHz∼12 GHz
at the three incident angles. The larger the incident angle is,
the larger the deviation is. The average values of absolute de-
viations are 0.20 dBm2, 0.95 dBm2, and 0.77 dBm2 while the
incident angles are 0◦, 30◦, and 60◦, respectively. The devia-
tions are thought to come from the contribution of non-plane
scattering sources to the SLICY. However, these deviations are
still thought to be within the RCS measurement tolerance.
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Fig. 7. (color online) Simulation mono-static RCSs of the theoretical
scale SLICY and the designed scale Slicy, showing changes (a) with in-
cident angle when scale frequencies are 10 GHz, 11 GHz, and 12 GHz,
respectively, and (b) with scale frequency when the incident angles are
0◦, 30◦, and 60◦, respectively.

4. Conclusions

According to the high-frequency approximation algo-
rithm, an effective method to design the scale model in a wide
frequency range is proposed on the basis of the RL. By op-
timizing the parameters including the number of layers, the
thickness, the particle kind and the particle concentration of

each layer, the RL of the scale absorber is designed to be iden-
tical with the RL of the theoretical scale absorber as much
as possible. An example of designing the scale model of a
plate-shaped absorber in a wide frequency range is given to
verify the effectiveness of the method. In the example, a plate
model and a SLICY model are constructed and their scatter-
ing properties are simulated by FEKO. The average values of
the absolute deviations in 10 GHz∼12 GHz are 0.53 dBm2,
0.65 dBm2, 0.76 dBm2 for the plate model and 0.20 dBm2,
0.95 dBm2, 0.77 dBm2 for the SLICY model while the inci-
dent angles are 0◦, 30◦, and 60◦, respectively. These average
values are comparable to the results from the theoretical scale
model. These deviations fall within the RCS measurement tol-
erance. Thus, the work in this paper has important theoretical
and practical significance.

It is worth pointing out that the scale ratio is small in the
study. While the scale ratio is large, the scale frequency is al-
ways located in the millimeter/submillimeter wave band where
regular materials have a weak loss property. Further research
on the large scale ratio is still under way.
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