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Abstract

A method to determine the extinction cross section for a thin and planar object
for a large bandwidth in the microwave region is developed. The method is
based on a regular measurement of the monostatic radar cross section. It is
compared to and validated with a more general measurement method based on
a measurement of the radar cross section in the forward direction. The result
shows that monostatic RCS measurements can be used with good accuracy to
determine the extinction cross section for this type of thin samples.

1 Introduction

This paper describes a method to determine the extinction cross section and the
extinction volume for a thin and non-magnetic planar object over a large bandwidth
in the microwave region. The method is based on a conventional measurement of the
monostatic radar cross section (RCS). The method is compared to and validated with
a more general measurement method that is based on a measurement of the RCS in
the forward direction. The experiments are performed on a fabricated single-layer
planar 33 x 33 array of quadratic split ring resonators (SRR) tuned for resonance
at 8 GHz.

The motivation to measure the extinction cross section, i.e., the sum of the total
scattering cross section and the absorption cross section, comes from the need to
verify theoretical results that bound the scattering from objects. These results that
have the form of general summation rules for the extinction cross section are derived
in Refs. 16, 17 and 18. Through the optical theorem it is possible to calculate the
extinction cross section from the forward RCS, see Refs. 11 and 12.

A large majority of radar applications are monostatic i.e., the transmitting and
receiving antennas are colocated. Bistatic systems are used for some applications, see
Ref. 21, but are more complicated than monostatic systems due to the requirement
to synchronize the received signal with the transmitted. This becomes especially
difficult if the one or both of the transmitter and the receiver are moving. There
are some applications where improved functionality due to the bistatic geometry
provides an offset to the increased system complexity, e.g., counter stealth. Systems
that utilize the scattering in the forward direction (scattering at 180° bistatic angle)
have some special applications, such as ground target identification, see Ref. 2 or
radar fences, see Ref. 21, but are not common. Most free space scattering mea-
surements at indoor or outdoor measurement ranges are therefore performed in a
monostatic geometry. As a consequence, there are relatively few studies published
that treat the free space measurement of forward scattering at microwave frequen-
cies.

A bistatic measurement system described in the open literature where forward
scattering can be measured in the laboratory is described in Refs. 3 and 4. It
operates in the 2-12.4 GHz range with a measurement accuracy of =1dB at a
level of —18 dBsm for the forward RCS. This should be compared to the results for
monostatic RCS at the same measurement range where it is possible to measure



down to —50 dBsm with this accuracy.

In comparison, there is a wealth of literature treating monostatic RCSn mea-
surements, see e.g., Refs. 5 and 10. There are also standardized procedures for
monostatic measurements, see Ref. 8. Monostatic measurements are therefore, from
a practical point of view, to be preferred if they can be used for the purpose at hand.

The direct measurement of the forward RCS in free space is experimentally
difficult since the largest part of the received field at the receiving antenna consists of
direct illumination by the transmitting antenna. The direct illumination contributes
with a dominating background that has to be removed, with signal processing or
otherwise, from the scattered field component that one wants to determine.

The purpose of this paper is to develop and validate a method to determine the
extinction cross section for thin and planar samples from monostatic RCS measure-
ments.

2 Theory

This section gives a short theoretical background to the general summation rules
that bound the scattering from objects and defines the quantities that we want to
determine through measurements.

In a series of papers in Refs. 16, 17 and 18, the use of a forward dispersion relation
is exploited by utilizing the optical theorem. It is established in these papers that
the extinction cross section integrated over all frequencies is related to the static
polarizability dyadics of the scatterer. This interesting result has many application,
e.g., one area with large potential is antennas, see Refs. 6 and 7. In this section we
define the most important quantities in the theory using RCS notation.

Consider the direct scattering of a plane electromagnetic wave Ege™
with time dependence e™?™/* impinging in the k-direction on a bounded scatterer
surrounded by free space (¢ is the phase velocity of light in free space). The material
of the scatterer is modeled by linear constitutive relations which satisfy primitive
causality, passivity, and are independent of time, i.e., no material aging.

The scattering properties in the r-direction are described for the incident wave
polarization & = Ey/|Ey|, polarization of the scattered wave é; = Eq(r)/|Eq(r)|
and polarization of the received wave e,. The partial bistatic RCS amplitude that
is recorded in a measurement is then defined as,

i2rk-rf /co

2
AGh.e0) = AT lim ) (21)

The complex quantity A preserves the phase information present in the measure-
ment, r = |r| denotes the magnitude of the position vector r. The maximum
amplitude can then be written,

A () = max |A(, &)] = |A(F &))] = 2 Tim r[Ey(r)] (2.2)

erk 0 ‘EO’ r—00



The partial bistatic RCS, i.e., the bistatic RCS measured with receiver antenna
polarization é,, can then be defined as,

o(r, &) = |A(r, &) = lim |E 2 7| Ey(r) - &) (2.3)
In particular, (2.3) evaluated in the backward direction + = —k yields the well-

known monostatic RCS in Ref. 10. The partial bistatic RCS in (2.3) has its maxi-
mum when the polarization of the receiving antenna matches the polarization of the
scattered wave. The maximum bistatic RCS is then,

41
Omax(T) = max o(r, &,) = |AmaX('f°)|2 lim r |E (r )| (2.4)
ér- k=0 |_E’0|2 r—00

The scattering cross section oy is defined as the total scattered power in all directions
divided by the incident power flux. It is obtained by integrating (2.4) over the unit
sphere with respect to 7, see Ref. 14.

04 Omax(T) dS = lim 72 //E 2dS 2.5
// ‘EOPW Ey(r) (2.5)

Here, dS = sin 8 df d¢ denotes the differential solid angle in terms of the polar and
azimuthal variables 0 € [0,7] and ¢ € [0,27), respectively. Based on (2.5), the
extinction cross section ooy = 0s + 0, is defined as the sum of the scattering and
absorption cross sections, where the latter is a measure of the absorbed power in
the scatterer, see Ref 1. The extinction cross section can also be determined from
the forward RCS via the optical theorem

2 o= B}

=

é), (2.6)

Oext =

ff

where * denotes the complex conjugate.

A dispersion relation for the combined effect of scattering and absorption of
electromagnetic waves is derived in Ref. 17 from the holomorphic properties of the
forward scattering dyadic. The result is a summation rule for the extinction cross
section valid for any linear and non aging scatterer obeying passivity and primitive
causality. Defining the extinction volume

CO -~ ~
0= WA(I@ &), (2.7)
where ¢ and o are related by,
8 2
™/ Im o = 0y (2.8)

Co

From the integral representations in Ref. 20 or the discussion on page 11 of
Ref. 14, it follows that for a planar and infinitely thin scatterer subject to a wave
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Figure 1: The setups for quasi monostatic and forward RCS measurements

incident at normal incidence, the partial bistatic RCS in the backward and forward
directions are identical i.e.,

A=k, &) = Ak, &,). (2.9)

Combining the two equations (2.6) and (2.9) and noting that & = & for linear
polarization makes it possible to determine the extinction cross section by a mea-
surement of the partial monostatic RCS amplitude. Using this in (2.6) and (2.7)
gives 0oy and p.

3 Experimental setup

In Ref. 13 it is suggested that an array of split ring resonators can be used to obtain
a negative magnetic permeability material. The fabricated sample used in this study
is designed as a single-layer planar array of quadratic split ring resonators (SRR)
tuned for resonance at 8 GHz. The design is similar to the square split ring resonator
array used in Ref. 15. It consists of 33 x 33 unit cells supported by a square FR4
substrate of edge length 140 mm and thickness 0.3 mm, see Fig. 2. The relative
dielectric constant, €., of the substrate varies between 4.2 and 4.4 in the measured
frequency interval, with an overall dielectric loss tangent less than 4.8 - 1073,

3.1 Monostatic RCS measurements

Monostatic RCS measurements are performed in an anechoic chamber. The sample
is mounted on an expanded polystyrene sample (EPS) holder placed on a pylon.
The chamber is set up for quasi monostatic RCS measurements with two dual po-
larized ridged circular waveguide horns positioned at a distance of 3.55 m from the
sample, see Fig. 1. The measurement uses an Agilent Performance Network Ana-
lyzer (PNA) transmitting a continuous wave without online hard or software gating,.
The polarization of the transmitted and received waves is horizontal with respect
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Figure 2: A section of the printed pattern of the fabricated sample (left figure) and
the geometry of the square unit cell (right figure). The line width of the printed
circuit is 0.1 mm.

to the pattern in Fig. 2. The original frequency interval [2,20] GHz is reduced to
[3.2,19.5] GHz due to range (time) domain filtering of the data. The latter frequency
interval is sampled with 7246 equidistant points corresponding to an unambiguous
range of 66.7 m, or 445 ns. This is sufficient to avoid influence of room reverberations.

Calibration including both amplitude and phase is performed using a metal plate
with the same outer dimensions as the sample. A physical optics expression for a
perfectly conducting plate is used as calibration reference, see page 523 in Ref. 14.
In order to validate the calibration method we also perform a Method of Moments
calculation for the metal plate. The results from this calculation do not deviate
significantly from the physical optics result. The metal plate is, in addition to being
used for calibration, also used to align the experimental setup using the metal plate
specular reflection.

The data from the measurements are processed by a coherent subtraction of the
background followed by a calibration using the physical optics approximation. The
frequency domain data is then transformed to the range domain, where the response
from the sample is selected from the range profile using a 1.1 m spatial gate. Finally,
the selected data is transformed back to the frequency domain.

The background subtraction combined with the time gating is sufficient to sup-
press the background by 15-25 dB. This gives a background level of better than
—50dBsm for the frequency range above 5 GHz and —40 dBsm to —30 dBsm for the
lowest part of the frequency range. The high background level at the lower frequen-
cies is due to that the wideband horns illuminate the walls at these frequencies. This
background can be maintained subtracting with only one background measurement
obtained in the beginning or at the end of the day.

3.2 Forward RCS measurements

Forward RCS measurements are performed using a different setup with ridged waveg-
uide horns in an ordinary lab area. The fabricated sample is mounted on an ex-
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Figure 3: Measured monostatic and forward RCS (left figure) and extinction cross
section (right figure). The curve corresponding to the extinction cross section cal-
culated from the forward measurement is adjusted corresponding to a path length
difference delay of 3.4 ps.

panded polystyrene sample holder placed on an EPS column. The antennas are
positioned facing each other at a distance of 6.00 m with the sample at the midpoint
between the antennas, see Fig. 1. In this case an HP 8720C Network Analyzer is
used for the measurements with a similar waveform as for the monostatic measure-
ments. The instrument is limited to only 1601 frequency points for one frequency
sweep so four sweeps are interlaced in order to obtain 6404 frequency points. The
original frequency interval [1, 18] GHz is reduced to [2.5, 16] GHz due to time domain
filtering of the data. The latter frequency interval is sampled with 5086 equidistant
points corresponding to an unambiguous time of 378 ns. Here we use time units as
a measure for the ambiguity since a range in distance units is less meaningful for
forward scattering. This is sufficient to avoid influence of room reverberations such
as delayed scattering from the floor and the walls.

Calibration including both amplitude and phase is performed using a sphere with
radius 6 cm. The Mie series for a perfectly conducting sphere is used as calibration
reference, see Ref. 14. A sphere is an ideal forward scattering calibration object since
there are no alignment problems that would arise with other objects, see Ref. 4.

The calibration measurement is done by first measuring the calibration sphere
followed by a measurement of the background. The raw data from the calibration
measurement is then processed by coherent subtraction of the background. The
Mie series result is divided by the background subtracted calibration data to obtain
the calibration vector. The sample is aligned and measured, and also in this case,
followed by a measurement of the background that is coherently subtracted from the
sample measurement. The repeated background measurements are needed in order
to increase the efficiency of the background subtraction and to obtain the background
levels mentioned below. We perform the background measurement within less than
2 minutes after each sample (calibration) measurement.

The background subtracted sample data is then calibrated using the calibration
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Figure 4: Comparison of the real (left) and imaginary (right) parts of the extinc-
tion volume p obtained from the monostatic and forward scattering measurements,
respectively. The forward scattering curves are adjusted corresponding to a path
length difference delay of 3.4 ps.

vector. The calibrated frequency domain data is transformed to the time domain,
where the response from the sample is selected from the time profile using a 0.25m
spatial gate. The size of the gate was chosen so that the contribution from the
background was minimized. Finally, the selected data is transformed back to the
frequency domain. The background subtraction combined with the time gating is
sufficient to suppress the background by 50 dB giving a background level of less than
—40dB.

4 Results and discussion

The result from the monostatic RCS measurements are compared with the results
from the forward scattering experiments in this section. The monostatic and for-
wards scatter RCS from the sample are compared in Fig. 3. The agreement is is
very good as can be seen. The only significant differences are the 0.4 dBsm dif-
ference for the maxima at 8.1 GHz and the 2.4 dBsm difference for the minima at
11.1 GHz. It should be pointed out that Fig. 3 shows the measured data after cali-
bration and time gating without other normalization or adjustment. The extinction
cross section data, o are obtained from the RCS using (2.6), see Fig. 3. The max-
ima differ only 3% (or 0.14 dB) in this case. The extinction cross section obtained
from the forward scattering experiment was adjusted with a frequency dependent
phase shift corresponding to a 3.4 ps delay according to the procedure described
below. The real and imaginary part of ¢ are obtained from the RCS using (2.7),
see Fig. 4. The phase of the extinction volume obtained from the forward scattering
experiment was adjusted corresponding to a delay of 3.4 ps. The adjustment was
performed by matching the value of the zero crossing of the real component of o
obtained from the forward scattering measurement with the zero crossing obtained
of the real component of ¢ from the monostatic measurement. We believe that the



largest contribution to this phase shift is the delay the wave experiences as it passes
the 0.3 mm thick FR4 substrate and the 48 mm EPS sample support. It is possible
to estimate the dielectric constant, e, from the density of EPS using Ref. 9. From a
density of 18.4mg/cm?® we get €, = 1.02 for the EPS sample holder. This gives a
relative delay of 1.7 ps. Using €, = 4.3 gives a relative delay of 1.1 ps for the FR4
substrate adding up to a total relative delay of 2.8 ps. Small alignment differences
between the calibration plate and the sample can also account for some of the phase
difference. As a reference, 1ps corresponds to a 0.15 mm offset between the cali-
bration plate and the sample. Validation experiments were also performed for the
negative permittivity sample in Ref. 19 with similar results.

The results in Figs. 3 and 4 show that the assumption of symmetry between
monostatic RCS measurements and forward scattering measurements is, see (2.9),
correct within experimental accuracy for these samples. This means that monostatic
measurement, can be used to determine the extinction cross section for thin and
planar samples. However, for other samples, forward scattering experiments are
the only practical way to obtain the extinction cross section. We are currently
developing and refining the methods for forward scattering measurements to be able
to measure a more general class of samples.

5 Conclusions

It is shown that monostatic RCS measurements can be used to determine the ex-
tinction cross section and the extinction volume for thin samples by validating with
a forward RCS measurement. The differences in measured phase can be explained
by different path lengths in the two measurements and the differences in amplitude
are well within experimental error limits. The method employing forward scattering
to determine the extinction cross section is currently being developed. With this it
will be possible to determine the extinction cross section for more general objects.
This work will be reported in forthcoming papers.
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