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KEYWORDS Abstract The radar cross section (RCS) of weak scattering source on the surface of an aircraft is
Microwave imaging; usually less than —40 dBsm. How to accurately measure the RCS characteristics of weak scattering
RCS measurement; source is a technical challenge for the aircraft’s RCS measurement. This paper proposes separating
Reflectivity distribution; and extracting the two-dimensional (2D) reflectivity distribution of the weak scattering source with
Spectral transform; the microwave imaging algorithm and spectral transform so as to enhance its measurement preci-
Weak scattering source sion. Firstly, we performed the 2D microwave imaging of the target and then used the 2D gating

function to separate and extract the reflectivity distribution of the weak scattering source. Secondly,
we carried out the spectral transform of the reflectivity distribution and eventually obtained the
RCS of the weak scattering source through calibration. The prototype experimental results and
their analysis show that the measurement method is effective. The experiments on an aircraft’s
low-scattering conformal antenna verify that the measurement method can eliminate the clutter
on the surface of aircraft. The precision of measuring a —40 dBsm target is 3-5 dB better than
the existing RCS measurement methods. The measurement method can more accurately obtain
the weak scattering source’s RCS characteristics.

© 2016 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction field of a target. The scattered field produced by a weak scat-

tering source is several orders of magnitude lower than that
Both theoretical calculations and experimental measurements ~ Produced by a strong scattering source, and therefore can be
show that the aircraft’s different positions consist of many ~ Well ignored in the normal design of an aircraft. However,
local scattering sources in the high-frequency range.'” The the overall radar cross section (RCS) of a stealth aircraft is

echoes of the local scattering sources form the total scattered ~ rather small. At this point, the contribution of the weak scat-
tering source to the overall RCS increases greatly; in particu-

lar, its effect is very obvious under certain polarizations or
attitude angles. For these reasons, the study of the RCS char-
acteristics of weak scattering sources and their scattering
mechanisms is of far-reaching importance for the design of a
stealth aircraft.

gl The RCS measurement is one of the methods for obtaining
ELSEVIER Production and hosting by Elsevier the scattering characteristics of a target.® The measurement of
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a target can not only help us understand the basic scattering
mechanism but also obtain massive characteristic data of the
target. Its RCS value is ultimately determined by measurement
results. When the order of magnitude of its RCS value is rather
big, the requirements for measurement system and measure-
ment method are rather low, and the rather accurate results
can be obtained with the normal RCS measurement method.”
But when the order of magnitude of the RCS value of the tar-
get to be measured is rather low, for example, measuring the
target whose RCS value is —40 dBsm requires that the error
is 2dB and that the background noise level reaches
—60 dBsm”, the measurement environment in an anechoic
chamber cannot satisfy such requirements. Thus, the precise
measurement of a weak scattering source has higher require-
ments for measurement system and measurement method.
To improve the measurement environment, Ref.® designed a
low-scattering foam column, enabling the measurement back-
ground environment ranging from 1.5 to 40 GHz to reach
—50 dBsm and providing support for weak scattering source
measurement. Refs.”® proposed two RCS measurement meth-
ods to separate background environment from target signals,
being favorable for the precise measurement of a weak scatter-
ing source. But they are difficult to apply these methods to an
aircraft’s weak scattering source measurement. Because the
background for weak scattering source study is rather sensi-
tive, there are few papers in the open literature on the topic
related to an aircraft. Refs.”'” explained the importance of this
type of measurement data for an aircraft’s electromagnetic
characteristic control and prediction. Refs.'""'* gave the mea-
surement results on edge diffraction source and slit diffraction
source, demonstrated that this type of target is installed on the
low-detectable diamond components and emphasized that the
pertinent measurement data are scarce. Refs.'*!'* designed dif-
ferent measurement models for slit target and step target and
performed experimental studies. Refs.'>'® proposed the meth-
ods of image editing reconstruction, which are used for remov-
ing the clutter of background. The image of background is
subtracted from the image of target with background. How-
ever, it is difficult to eliminate the effect of background when
the scattering of target is very low.

Because the weak scattering source mostly exists on the sur-
face of an aircraft, the scattering from the airframe envelope is
the major cause for measurement errors. However, the normal
RCS measurement method cannot distinguish the RCS charac-
teristics contributions made by the airframe envelope and
weak scattering source. This paper proposes a method for
extracting the weak scattering source reflectivity distribution
on the surface of an aircraft through microwave imaging and
reversely developing its RCS contributions. The method uses
a turntable’s 2D microwave imaging algorithm to separate
and extract the weak scattering source reflectivity distribution
on the airframe envelope and then uses the wave spectrum the-
ory to transform the spatial distribution spectra, thus obtain-
ing the weak scattering source’s own RCS contributions after
prototype comparison. The experiments verify that in a normal
anechoic chamber, the error of measuring a standard sphere of
—40 dBsm with the method is only 1 dB. After imaging several
metal spheres, the image of one of the metal spheres is
extracted and then its RCS is reversely developed and
compared with that of the sphere directly measured, with the
measurement error being less than 0.5dB. Finally, a
low-scattering conformal antenna is used to verify the

measurement; the verification results indicate that the mea-
surement accuracy is 3—5 dB better.

2. Measurement system construction and measurement method

2.1. Stepped-frequency wideband RCS measurement system

To obtain longitudinal high range resolution, we use the
stepped-frequency wideband signal.!” The signal is a continu-
ous wave signal with changes in equal-interval frequency and
usually transmitted and received with the vector network ana-
lyzer in an anechoic chamber. The measurement of a target is
carried out by transmitting stepped-frequency signals, thus
obtaining its frequency response, whose inverse fast Fourier
transform (IFFT) produces the high resolution time domain
response of the target. The measurement system construction
is shown in Fig. 1.

The target to be measured is placed in the quiet zone of an
anechoic chamber. The vector network analyzer transmits the
stepped-frequency signal, which is amplified by a power ampli-
fier and then transmitted and received by the wideband horn
antenna. The measurement is carried out with the quasi-
monostation mode. There are coupling signals between recep-
tion antenna and transmission antenna (about —20 dBsm at
the X band). To minimize the influence of the coupling signals
on measurement accuracy, we placed some wave-absorption
materials between the two antennas during the measurement.
The computer controls the rotational speed and sampling
interval of the turntable through the network wire. While
rotating, the turntable transmits a trigger signal to the vector
network analyzer, which then starts to respectively measure
the frequency domain data of the background environment,
the target to be measured and the calibration body at the same
initial angle. The intermediate frequency bandwidth of a vector
network analyzer is set to be 1 kHz, and its dynamic range is
around 100 dB.

2.2. Microwave imaging algorithm

The high resolution imaging in an anechoic chamber often uses
a turntable mode.'® The wideband signal transmission pro-
duces range resolution, while the cross range resolution is
achieved by the turntable rotation. The microwave imaging
algorithm is similar to the chromatograph imaging in
medicine.'” The data obtained with the measurement at a
certain angle are used to reconstruct the projection of a
target’s reflectivity distributed on a plane. The relationship
between field and image obtained with measurement is given
in Eq. (1)*:

Omax (okmax
g(x,y) = j‘ j kG(k, 0) exp [j2nk(y cos 0 — x sin 0)]dkd0
Omin ¥ &
(1)

where the x-y coordinate system is a set of coordinates fixed in a
target, and its origin is at the centre of turntable and changes with
the change in the target; g(x,y) is the image of the target to be
measured; & is the spatial frequency and 0 is the azimuth angle.

Because the integral limit in Eq. (1) does not satisfy the
IFFT conditions, the algorithm implementation needs to shift
the k frequency to kpin. If B = kpax — kmin and B’ is the band-

‘min
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Fig. 1

width of the spatial frequency k, then the following® is

obtained:

5
Py(l) = j' (k + kmin) G(k + kiin, 0) exp (j2nkl)dk (2)
0
Omax
glx,y) = j Po(1) exp (j21tkminl)dO 3)
[=ycosfh — xsinf (4)

Because the measurement system transmits stepped-
frequency signal, their frequency points are discrete. According
to the N number of sampling frequency points, we discretize k. If
k=nB/N,n=0,1,---,N — 1, then Eq. (2) is rewritten as

N DBIN B
Py(l) = Z (Nn + kmin) G(n,0)exp (]27'5an) (5)

k=0

The projection line / is equidistantly discretized according
to range resolution /, =m-¢/2B=m/B, m = 0,1,...N — 1.
If Go(n) = (B - n/N + kuin)G(n, 0), then Eq. (5) is expressed as

N-1

Py(l,) = ;Go(n) exp (2nn) = IFFT(Gy(n) (6)

Py(l,) is the projection value obtained from different /,
points. The projection line / in the process of integration
changes with the 0 angle. For g(x, y) at any space point, each
0 corresponds to a different /. Therefore, Py(/) is the projection
value obtained from the discrete /, and Py(/) needs to be
obtained by interpolating Py(/,). The interpolation formulas
are as follows:

P(](l) = Pg(ln,,l) + (l— lm—l) tan o (7)

tano = [Po(ly) = Po(lu-1)]/(bn — ln-1) (®)

After the interpolation, the angle is integrated; the integra-
tion formula is given as follows:

Diagram of measurement system.

Ormax

g(x,y) = Py(1) exp (127kuminl)d0 = > " Py (1) exp (j2tkuminl)
0

©)

The three steps of IFFT, interpolation and angle integra-
tion constitute the microwave imaging algorithm. We then
obtained the 2D image of the target to be measured. We used
the Hamming window to process the images; as a result, their
resolution decreases, around one half smaller than the theoret-
ical resolution.

Omin

2.3. Weak scattering source image extraction and RCS
calibration

To obtain the RCS of a weak scattering source, first and
foremost, its reflectivity distribution is extracted from the 2D
image of the target to be measured. Depending on the geomet-
rical region where the weak scattering source is located, we use
a 2D circular gating function’' whose radius r is a to extract
the reflectivity distribution within the geometrical region, and
set the reflectivity distribution outside the region as zero, thus
forming the following new 2D image:

gx,y) r<a

10
0 r=a (10)

&1 (X, y) = {

We perform the 2D Fourier transform of the new 2D
image, thus obtaining the spectral domain data of the weak
scattering source.

V2 (w2
Gl (Km KV}) = j‘ j‘ 81 (x7 y) CXp[— (JZTEKV-X + J2nK1y)]d-Xdy
nY x

(11)

where K, and K, are the horizontal axis and longitudinal axis
of the spectral domain respectively; xy, x,, y, and y, corre-
spond to the upper and lower limits of the x — y plane where
g1(x,y) is located.
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The interpolation of G(K,,K,) produces the spectral
domain data G(f,0) that change with frequency and angle.
The interpolation formulas are given in the following:

f=(c/2m) x \ /K, + K (12)
0 = arctan(K, /K,) (13)

where c¢ is the velocity of light. Similarly, we measure a metal
sphere whose RCS is already known to obtain its 2D image
go(x,»). We perform the 2D Fourier transform of the 2D
reflectivity distribution, obtaining the spectral domain data
Go(f,0) of the metal sphere that change with frequency and
angle; the comparison of the spectral domain data of the weak
scattering source with those of the metal sphere eventually pro-
duces the RCS of the weak scattering source:

g =G\ (f,0) — Go(f, 0) + o5
where o is the RCS of metal sphere.

(14)

3. Simulation results

The RCS measurement error level is mainly determined by the
echo power ratio between target and background, and the
resulted maximal error is expressed as follows:

Ao = —201g(1 — 1078/20) (15)
0
------- With background
sl — Theory
_____ Image extraction
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Fig. 2 Enhancement effectiveness of image extraction method.

(a) A metal sphere whose diameter is 11 mm

z (m)

y (m)

where ¢ denotes the echo power ratio between target and back-
ground environment. The formula indicates that when the
echo power of the target is 10 dB higher than that of the back-
ground, the resulted error is 6 dB.

To verify the enhancement effectiveness of the image
extraction method, we simulated a metal sphere whose diame-
ter is 150 mm and used a metal sphere whose diameter is
50 mm to simulate the interference of the background environ-
ment. When the metal sphere whose diameter is 50 mm is pre-
sent, the synthetic RCS of the two balls produce a rather big
oscillation, whose magnitude reaches 6 dB, satisfying the for-
mula for measuring errors. The image extraction method was
used to form the images of the two metal spheres and then
extract the 2D image of the metal sphere whose diameter is
150 mm. Then the spectral transformation and calibration of
the images were performed, thus obtaining the RCS curves
as shown by the dotted lines in Fig. 2. The figure shows that
the RCS oscillation of the metal sphere is already less than
1 dB. The simulation results thus show that the image extrac-
tion method can eliminate the interference of the background
environment, with the measurement accuracy being 5 dB bet-
ter than before.

4. Experimental verification

4.1. Verifying RCS measurement precision with microwave
imaging

In an anechoic chamber, we constructed the measurement sys-
tem as shown in Fig. 1. We first measured a metal sphere
whose diameter is 11 mm, as shown in Fig. 3(a); its theoretical
RCS is —40 dBsm. The frequency range for measurement is 8
to 12 GHz; the frequency interval is 5 MHz. The range of rota-
tional angle is 360" the angle interval is 0.2°. The microwave
imaging algorithm in Section 2 is used to process the echoes
of the metal sphere, obtaining the 2D image of the target as
shown in Fig. 3(b).

The 2D image is used to retrieve the RCS of the metal
sphere, and then the RCS whose measurement frequency is
10 GHz is selected, as shown in Fig. 4. The figure shows that
the precision of the RCS measurement with the microwave
imaging is less than 1 dB, indicating that the method for
retrieving RCS with the microwave imaging is feasible.

x (m)

(b) 2D image of metal sphere

Fig. 3 Metal sphere and its 2D image.
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Fig. 4 RCS at 360" retrieved by microwave imaging.
4.2. Experimental results of RCS retrieved by image extraction

The objects to be measured include five metal spheres whose
diameter is 53 mm (see Fig. 5(a)) and one metal sphere whose
diameter is also 53 mm (see Fig. 5(b)); the measurement fre-
quency range and frequency interval are the same as above.
The rotational angle is —25 to 25°; the angle interval does
not change. In one case, first, the five metal spheres are
imaged; next, the 2D reflectivity distribution of the metal

(a) Five metal spheres whose diameter is 53 mm

Fig. 5

-{‘(01)

-04
(a) 2D images of the five metal spheres

Fig. 6

sphere in the same position as Fig. 5(b) is extracted and finally
its RCS is retrieved. In another case, the metal sphere in Fig. 5
(b) is tested by the normal RCS measurement. After calibrat-
ing them with the metal sphere whose diameter is 150 mm,
we compared the differences in the RCS of the single metal
sphere between the two cases.

As shown in Fig. 6(a), first, the 2D images of the five metal
spheres are obtained, and then the reflectivity distribution of
the metal sphere located at the upper-right corner is extracted,
as shown in Fig. 6(b).

The spectral transform and calibration of the extracted
reflectivity distribution of one metal sphere produce its RCS,
as shown by the solid line in Fig. 7. Similarly, the result of
the metal sphere in Fig. 5(b) with normal RCS measurement
is given by the dotted line in Fig. 7. The figure shows that in
an angular domain for measurement, the retrieved RCS with
image extraction and the normal RCS measurement have a dif-
ference of only less than 0.5 dB, indicating that the method for
extracting a local scattering source through imaging and then
retrieving its RCS is feasible.

4.3. Experimental verification of low-scattering conformal
antenna of an aircraft

The typical weak scattering sources of an airplane and their
scattering mechanisms are shown in Table 1. To enhance the

(b) One metal sphere whose diameter is also 53 mm

Five metal spheres and one metal sphere.

z (m)

4‘(02)

-0.4

(b) Reflectivity distribution of one metal sphere

2D images of five metal spheres and reflectivity distribution of one metal sphere.
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Table 1 Typical weak scattering sources of an airplane and

their scattering mechanisms.

Typical weak scattering source Scattering mechanism

(b) 2D image of envelope
T T

(a) Conformal antenna

(c) 2D reflectivity
distribution of conformal

(d) Spectral distribution

Fig. 8 Measurement of low-scattering conformal antenna.

Conformal antenna
Crevices, staircases and rivets
on the surface of an airplane

Angular points of airfoils,
vertical fins and even tails
Nose cone and pitot tubes

Traveling-wave diffraction
Diffraction caused by abrupt
change in electromagnetic
boundary
Diffraction of angular points

Diffraction from cuspidal point

stealth performance of an aircraft, conformal antenna is
designed.

During RCS measurement, the incidence electric field and
conformal antenna basically remain in a parallel state and
therefore form a weak scattering source on the aircraft surface.
The conformal antenna in an installation state is measured, as
shown in Fig. 8(a). The antenna is embedded into the metal
envelope of an analogue airframe, which is wrapped with
wave-absorption materials to ensure that the scattering at the
edge of metal envelope is as small as possible. The frequency
range for measurement is 9-11 GHz; the frequency interval is
5 MHz. The rotational angle is —45 to 45 ; the angle interval
is 0.2

The microwave imaging algorithm produces the 2D image
of metal envelope, as shown in Fig. §(b), from which the 2D
reflectivity distribution in the area of the conformal antenna
is extracted, as shown in Fig. 8(c). The spectral transform of
the 2D reflectivity distribution produces the spectral distribu-
tion of the target, as shown in Fig. 8(d). After its calibration
with the metal sphere, the RCS whose measurement frequency
is 10 GHz is selected, as shown in Fig. 9.

The dotted line in Fig. 9 shows the results obtained with the
normal RCS measurement method. It contains the scattering
of the airframe envelope with the conformal antenna. The
curve fluctuates somewhat in the angular domain; the major
cause is the scattering on the surface of the airframe envelope.
The antenna’s RCS is obtained with the extraction and then
spectral transform of the reflectivity distribution in the area
of conformal antenna is shown by the solid line. It is smoother
and 3-5 dB lower than the previous dotted line, indicating that
this image extraction method can well separate the scattering

RCS (dBsm)
|
&
vy

-55F

- Normal
I —— Image extraction
_65 A . .
-40 -20 0 20 40
Angle (°)

Fig. 9 Comparison of two measurement results.

of the conformal antenna from that of the airframe envelope,
enhancing the measurement accuracy of a weak scattering
source.

5. Conclusions

(1) The experiments with the known prototypes and the
conformal antenna of an aircraft show that the method
is effective, with the measurable RCS reaching below
—40 dBsm. Therefore, it can be applied to the high-
precision measurement of an aircraft’s weak scattering
source.

(2) Its strong scattering sources are separating and extract-
ing the information on the scattering of a target and
eliminating clutter. It can build an algorithm into a uni-
versal software module, which is embedded into the nor-
mal RCS measurement system to perform quasi-real-
time processing, thus obtaining a higher precision than
the normal RCS measurement method.

(3) Because the RCS by image extraction involves the
extraction area of a target, the results on different
extraction areas may be different. Therefore, to obtain
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optimal results, the complete scattering points in the
concerned area should be selected in accordance with
the scattering properties of the target. Besides, when
the measurement frequency is rather low and the target
is rather small, the extracted area of the target should
not be too small; if smaller than the wavelength, the
information on the scattering of the target may be lost,
causing rather great errors.

(4) The minimum spacing has something to do with the
imaging resolution. When the resolution can distinguish
between the images of two targets, the distance between
the two targets is the minimum spacing. If there is
enough movable space, the RCS can also separate the
targets that have great differentiation.

(5) The method mainly uses microwave imaging, whose the-
oretical foundation is the model of multiple scattering
centers. According to the electromagnetic field theory,
each scattering center is equivalent to the mathematical
discontinuity in the Stratton-Chu integral. The weak
scattering source just results from the electromagnetic
waves irradiated by the discontinuous structure on the
surface of an airplane. Therefore, the method is applica-
ble to the scattering characteristic analysis of a weak
scattering source.
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