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Abstract — “Time domain gating” used in the stepped-
frequency radar cross section (RCS) measurement
causes the inaccurate frequency domain data, especially
at two ends of the band. This paper proposes a spectral
extrapolation method for improving the measured RCS
at two ends of the band more exactly. The core idea is:
the measured frequency domain data are extrapolated to
obtain the unknown value out of band with an auto-
regressive model (AR model). The parameter in the AR
model is calculated by the maximum entropy spectral
estimation algorithm. Therefore, the span of the original
band is extended, and both ends of frequency on the
original band are inside the range of the new band. If
the time domain gating is adding to the new band, the
precision at two ends of the original band can be greatly
improved. The simulation and experimental results
show that more effective frequency domain data near
the two ends of the band can be predicted by using the
spectral extrapolation method, and the maximum error
at the ends of the original band is less than 1dB after
extrapolation, so it can ensure the accuracy of RCS
measurement over the whole frequency band.

Index Terms — Auto-regressive model, maximum
entropy spectral estimation, spectral extrapolation,
stepped-frequency RCS measurement.

I. INTRODUCTION

So far, the stepped-frequency RCS measurement
method is widely used in indoor’s scattering
measurement [1,2]. It uses a vector network analyzer
to transmit and receive with variable frequency signals
to measure S21 of the target. To obtain RCS of the
target, another target with the known RCS (usually a
metal ball) is measured. Compared with the traditional
continuous wave RCS measurement method, wideband
data composed of many discrete frequencies can be
obtained in a very short time by the stepped-frequency
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RCS measurement. However, some of the transmitted
signals will be coupled into the received signal due
to the receiving antenna is put near the transmitting
antenna, which will affect the accuracy of measurement.
Besides, the background clutter also has a greater
impact on the accuracy of measurement[3].

To eliminate the influence of background clutter
and antenna coupling signals, a "time domain gating"
technique is commonly used [4,5], which changes the
frequency domain data to the time domain response
with inverse fast Fourier transformation (IFFT) and
then selects the target's signal (the location of the target
in the time domain response is known in advance), thus
the interference between the antenna coupling signals
and background clutter outside the target area are
eliminated. However, the gating also has a great impact
when the time domain response of the target was
changed back to the frequency domain data with fast
Fourier transformation (FFT). The original frequency
domain data will be contaminated, which is called the
"Gibbs effect”, that is, the two ends of the frequency
band will have a fluctuation, and the range of gating is
smaller, the fluctuation at two ends of the frequency
band is larger. Normally, we are not concern about
the impact of this “edge effect”, but when the test
frequency is low (such as the L-band), the span of
frequency domain data is narrow for the radiation
performance of the antenna, the accurate RCS data after
gating become very limited.

To reduce the influence of time domain gating, we
try to obtain more information on the spectrum. The
spectrum estimation methods mainly appears in the field
of super-resolution imaging [6-9] and computational
electromagnetics [10,11]. However, the applicability of
these methods in the field of RCS measurement has not
been verified. Reference [12] gives a method of using
low-frequency RCS data to predict high-frequency RCS
data. The method supposes that the response is a linear
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time-invariant system, and the RCS data is regarded
as the far-field power spectral function, then the
extrapolation is performed by using the rational
function, but the prediction error of this method is large
and only simulation data is used for verification.
Recently, reference [13] has proposed a basis pursuit
(BP) L1 optimization method to eliminate the impact
of data errors caused by limited bandwidth through
compressed sensing, but it assumes that the original
signal has sparse characteristics.

The linear prediction method has been widely
used in high-resolution spectrum estimation of discrete
data, especially when the sequence is short, a higher
resolution than the Fourier spectrum can be obtained.
Therefore, the paper presents a spectral extrapolation
method based on linear prediction to extend the span of
the original band and the two ends of frequency on the
original band are inside the range of the new band.
Therefore, despite the time domain gating reduces the
effective frequency domain data, the precision at two
ends of the original band will also be greatly improved.
In this paper, which is an expansion submitted to the
2020 ACES Proceedings paper, more detail of the
method is described. The simulation and experimental
results are given to show that the spectral extrapolation
method can ensure the accuracy of stepped-frequency
RCS measurement over the whole frequency band.

Il. THE SPECTRAL EXTRAPOLATION OF
STEPPED-FREQUENCY SIGNAL

As shown in Fig. 1, the target's time domain
response multiplied with a gating is equivalent to
convolving the original band with a sinc function,
resulting in fluctuations on the frequency domain data,
especially at two ends of the band. If the original band
is extrapolated by the linear prediction, then the span
of the original band is increased. Although the new
frequency domain data will also fluctuate after gating,
but the two ends of frequency on the original band are
inside the range of the new band, thus the measurement
errors at two ends of the original band will be greatly
reduced.
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Fig. 1. The principle of spectral extrapolation.
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The spectral extrapolation method is based on
the auto-regression model (AR model) in the modern
spectral estimation theory [14,15]. The AR model is
a kind of linear prediction. The model parameters are
calculated by Burg algorithm. For example, the N
points data are known, the data before or after N points
can be predicted by the model, which is similar to the
interpolation. The AR model is recursive by N points,
and the interpolation is derived from two points (or a
few points), both of them are to increase effective data.
Since the predicted data has the same autocorrelation
function as the known data, so the predicted data
contains the information of known data. It has proved
that the extrapolated sequence has the largest entropy,
and then the maximum information of the unknown
spectrum is obtained. The detailed procedures are as
follows:

According to the definition of the auto-regressive
model, the current data x (n) can be represented by a
linear combination of previous data x (n-1), x (n-2) ... X
(n-m):

X() =-Ya, ())x(n-i)-+e(n), 1)
where, X(n)z—zm:am (i)x(n—i) is prediction data of

x(n), e(n) is prediction error, a, (i) is the coefficient

of linear combination.
For the forward prediction, the prediction data

%" (n), the forward prediction error e (n), the forward
prediction error power p' are as following:

X’(n):—iam(i)x(n—i), (2
e (n)=x(n)-%"(n), (3)
f 1 & 2
P Zﬂgje (n)| : 4)

For the backward prediction, the prediction data
%°(n—m) , the backward prediction error €°(n), the

backward prediction error power p® are as following:

kb(n—m)z—ia;(i)x(n—mﬂ), 5)
eb(n)zx(r_l—m)—ﬁb(n—m), (6)
b R SIYRY:

The coefficients a, (i) are calculated by the
following recursion formulas:

&, (1) =an., (i) +kya o (M), (8)

a, (m) =k, ©)

where, kn is the recursion coefficient, and i = 1, 2,...,
m-1.



According to the recursion formulas, The
relationship of ef(n) and e®(n) are given by the following
formulas:

en(n) =, ,(N) +k,e,(n-1), (10)
en(n) =€, (n-1)+k e, (), (11)
& (n) =e5(n) = x(n). (12)

Let the sum of forward and backward prediction
error power is:

1
p" =§[pf +0"]. (13)
p™ is only the function of km, and let op™/okm=0,

we have:
N-1

-2) ;. (e, (n-1)
= N-1 = 2 N-1 2
Ylen s +[eb (=)

where, m=1, 2,..., p, and p is the model order.

The steps of the spectral extrapolation method
using original frequency domain data are as follows:

Step 1: the initial condition e, (n) =7 (n) = x(n) is
given, then k; is estimated by (14);

Step 2: the model coefficient a, (1) =k, is obtained
form =1,

Step 3: &' (n)and e (n) are obtained by k, and
(10) - (12), then k, is estimated by (14);

Step 4: The model coefficients a,(l) and a,(2)

for m = 2 are calculated by (8) and (9);

Step 5: Repeat step 2 to step 4 until m = p, all of
the model coefficients are obtained. Then the forward
and backward prediction data can be calculated by the
coefficients.

K., , (14)

I11. RESULTS

A. Simulation results

The effect of time domain gating on the spectrum
is simulated. The span of the frequency band is from
8GHz to 12GHz, and the corresponding range of a
resolution unit is 0.0375m. Assume that the spectrum
without time domain gating is a regular straight line,
and then the width of gating with 10 resolution units
(0.375 m) and 20 resolution units (0.75 m) are added to
the original spectrum respectively. The spectrum after
gating is shown in the Fig. 2. From the figure we can
see that the time domain gating causes a large fluctuation
at two ends of the frequency domain response, and as
the width of gating becomes narrower, the range of
fluctuation in the frequency band is larger, so if we
want to remove more background clutter, a narrow
gating should be used, but frequency domain data at
two ends of the band will be inaccurate.
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Fig. 2. The frequency domain response with different
time domain gatings.

To validate the spectral extrapolation method, the
simulation data are shown in Fig. 3. The original data
(the red solid line) are combined by the amplitude and
phase related to two signals at different distance and a
random signal. The purpose is to make the original data
have a certain signal-to-noise ratio, which is closer to
the actual measured signal. The sectional data in the
middle of the original data are selected to extrapolate.
The extrapolated data are shown with the blue dashed
line. It can be seen from the figure that compared with
the original data, parts of extrapolated data near the
sectional data are agreed with the original data. So the
results validate that more effective data can be obtained
by the spectral extrapolation method to increase the
band width.

10

| ——-
sectional data

= original
=== extrapolation

10 20 30 40 50 60
pionts

Fig. 3. The compare of original and extrapolated data.

From the results of the simulation, the extrapolation
error is determined by the model order p. In general, the
model order p is not known in advance, and a large
value needs to be selected at first and determined during

1001



1002

recursion. The appropriate model order is selected when
the error power is essentially constant. As can be seen
from the Fig. 4, when the order is greater than 6, the
variation of error power is small, so the model order is
6.
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Fig. 4. The error power changed with the model order.

B. Experimental results

Two PEC spheres were measured in the anechoic
chamber of Northwestern Polytechnical University. The
theoretic frequency domain data of the sphere whose
value is known that can be used to compare with
measured value to verify the effectiveness of the
spectral extrapolation method. One of the spheres with
150mm diameter is used as the calibration target and
another sphere with 75mm diameter is regarded as
the target to be measured, seen in Fig. 5 and Fig. 6
respectively. A vector network analyzer connected with
two horn antennas is used to transmit and receive the
stepped frequency signals. The test frequency range
is from 8GHz to 12GHz, and the frequency interval
is BMHz. The spheres are put on the center of the
turntable, and the test distance from the antenna to the
sphere is about 18 meters. The turntable has turned a
circle with 1 degree interval.

Fig. 5. 150mm sphere.
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Fig. 6. 75mm sphere.

Figure 7 shows the curve of the target changed with
angles at three different frequencies without the time
domain gating. It can be seen that the curves have large
fluctuations at all frequencies, and the measurement
error is about 5dB at 10GHz. The main reason is that
the echo of the target is rather weak, which is greatly
influenced by the clutter.

RCS(dBsm)

100 200 300
angle(deg)

Fig. 7. The RCS results at different frequencies without
time domain gating.

In order to eliminate the clutter outside the target
area, the frequency domain data of the target is
transformed into the time domain response, as shown in
Fig. 8. The curve is also represented as the range profile
of the target. For the reason that the diameter of the
sphere is small, which is in the resonance region at
the frequency range. Therefore, in addition to the
direct reflection, the backscatter of the target also has
diffraction, thus the width of the time domain gating is
0.4 meter.

After adding a time domain gating, the RCS at
three frequencies are shown in Fig. 9. From the figure,
we can see that the measurement error at 10 GHz is less
than 1dB, which means that the impact of clutter is very
little. But the measurement error at 8GHz and 12GHz



are larger, which can reach to 8dB. The fluctuations
at two ends of the band are both increased for the
influence of the time domain gating.

dB
o

202 204

192 194 196 198 20
m

Fig. 8. The time domain response of the target.
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Fig. 9. The RCS results at different frequencies with the
time domain gating.

The frequency domain data are extrapolated by
the spectral extrapolation method, then the same time
domain gating is used to the new frequency band from
7GHz to 13GHz, so the precision at 8GHz and 12GHz
on the original band can be greatly improved, as shown
in Fig. 10. Compared with the theoretic value, the
maximum error is less than 1dB at all frequencies.

The RCS results of three frequencies at different
angles after extrapolation are shown in Fig. 11. After
extrapolation, the RCS errors at different angles of
8GHz and 12GHz are less than 1dB, which is nearly
equal to the errors at 10GHz in the band. It can be
seen that the precision on two ends of the frequency
band can be greatly improved by using the spectral
extrapolation method, and the RCS values near the out
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of band can be predicted.
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Fig. 10. The RCS results at 7GHz to 13GHz after the
extrapolation.
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Fig. 11. The RCS results at different angles after
extrapolation.

V1. CONCLUSION

The stepped-frequency RCS measurement method
has high efficiency and accuracy, but it has a low
precision on two ends of the frequency band when a
time domain gating is used. This paper presents a
spectral extrapolation method which is experimentally
demonstrated to be effective. After extrapolation, the
two ends of frequency on the original band are inside
the range of the new band, so that the measurement
precision at the original band can be improved.
Moreover, RCS values near the out of band can be
predicted by using the spectral extrapolation method.
The method can not only be applied to the stepped-
frequency RCS measurement but also may be used to
other broadband measurements.
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