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ABSTRACT
This paper describes the development of a method based
on measurements of the radar cross section (RCS) in
the forward direction to determine the extinction cross
section for the 2.5–38 GHz frequency range using the
optical theorem. Forward RCS measurements are tech-
nically complicated due to that the direct signal has to be
subtracted from the total signal at the receiving antenna
in order to extract the forward RCS. The efficiency of
this subtraction as a function of time is evaluated. A
traditional calibration method using a calibration target
and a second method that does not require a calibration
target are investigated and compared. The accuracy of
the forward RCS measurements is determined using
small spheres of different sizes. The spheres have a for-
ward RCS that is straightforward to calculate with good
accuracy. The method is also extended to polarimetric
measurements on a small helix that are compared to
theoretical calculations.

Keywords: Bistatic, Calibration, Extinction Cross Section,
Forward RCS, Measurement, Polarimetry

1 Introduction
This study treats the development of a method to determine
the extinction cross section for the 2.5–38 GHz frequency
range. The method is based on measurements of the radar
cross section (RCS) in the forward direction in a conven-
tional anechoic chamber designed for monostatic measure-
ments. The extinction cross section is then calculated from
the measured forward RCS using the optical theorem.
The motivation for this work is to develop an experimental
method that can be used to verify theoretical work which

shows that the extinction cross section integrated over all
frequencies is related to the static properties of the scatterer
[1, 2].
Forward RCS measurements are technically complicated due
to the large direct contribution from the transmitting antenna
to the received signal. The direct signal has to be subtracted
from the total signal at the receiving antenna in order to ex-
tract the forward RCS. The efficiency of this subtraction is
evaluated in this study by performing long time measure-
ments leading to an estimation of subtraction accuracy as a
function of the time between the two measurements.
Two calibration methods are investigated. The first method
is the traditional calibration method used in most RCS mea-
surements. It uses a target with known RCS as a calibra-
tion target to calibrate the target measurement. The second
method that is described here uses only a direct path mea-
surement of the signal to calibrate the target measurement
without any calibration object. To the best of our knowledge,
the latter method is not in frequent use in the RCS commu-
nity.
The method described here is also extended to polarimetric
measurements of the forward RCS and hence the possibility
to determine the extinction cross section for arbitrarily polar-
ized incident radiation. This is tested using measurements on
a small helix coil and comparing with method of moments
calculations. More details of the experimental methods can
be found in [3].

2 Theory

Consider the direct scattering problem of a time harmonic
plane electromagnetic wave impinging in the k̂-direction on
a bounded scatterer. The bistatic RCS, σ(f, r̂), in the r̂ di-



rection at the frequency f is then defined as [4],

σ(f, r̂) = lim
r→∞

4πr2 |Es(r)|2

|Ei|2
, (1)

where Ei denotes the incident electric field, Es denotes the
scattered electric field and r = |r| denotes the magnitude of
the position vector r = rr̂. Introduce the complex-valued
bistatic RCS amplitude, A(f, r̂), in the r̂ direction. A(f, r̂)
preserves the phase information in the measurement and it is
defined as,

A(f, r̂) = lim
r→∞

2
√
πr

Es(r)

|Ei|
e−ikr, (2)

where it is assumed that the time convention is e−iωt for the
time harmonic wave and k = 2πf/c0. c0 is the phase veloc-
ity of light in free space.
σ(f, r̂) and A(f, r̂) are then related by,

σ(f, r̂) = |A(f, r̂)|2. (3)

In practice, the two polarization components of A(f, r̂) are
measured separately for an incident wave that is transmit-
ted with a defined polarization. This means that measured
RCS data usually is presented as a function of the transmitted
and received polarizations, e.g., σVH and AVH are the nota-
tions for the recorded RCS and RCS amplitude component,
respectively, for vertical transmitting and horizontal receiv-
ing linear polarizations.
The scattering cross section, σs(f), is the average of the
bistatic RCS over all angles,

σs(f) =
1

4π

∫
Ω

σ(f, r̂) dΩ, (4)

where Ω and dΩ denote the unit sphere and the surface el-
ement of the unit sphere, respectively. The extinction cross
section, σext(f), also designated the total cross section [5],
is defined as

σext(f) = σs(f) + σa(f), (5)

where σa(f) is the absorption cross section. The extinction
cross section can be determined using (5) by measuring the
bistatic RCS at all angles and the absorption cross section.
However, a more straightforward method is to measure the
RCS amplitude in the forward direction, A(f, k̂), and use
the optical theorem to determine σext(f) [6].

σext(f) =
c0√
πf

ImAii(f, k̂), (6)

where Aii(f, k̂) is the component of A(f, k̂) that is co-
polarized with the incident electric field, Ei, i.e.,

Aii(f, k̂) = A(f, k̂) · E
∗
i

|Ei|
(7)

3 Measurements
Forward RCS measurements are performed in an anechoic
chamber originally designed for monostatic RCS measure-
ments. A pair of wideband ridged horn antennas are posi-
tioned facing each other at a distance of 6.80 m with the sam-
ple placed on an expanded polystyrene (EPS) column at the
midpoint, see Fig. 1. The measurement uses a Performance
Network Analyzer (PNA) transmitting a continuous wave
without online hard or software gating. The source power
from the PNA is set to 1 mW for the measurements described
here. The power output from the antenna is significantly
lower mainly due to cable losses. Two separate measure-
ments using different antennas are performed for each sample
in the frequency intervals 1–22 GHz and 16–40 GHz. Each
interval is swept using 4000 frequency points. Eight such
sweeps are averaged for each of the sample measurement,
background measurement and calibration measurement.
Calibration measurements are performed using the two meth-
ods described in section 4.1.
The sample is measured and the direct path data is subtracted
from the sample data. The processed sample data is then
calibrated with the calibration vectors obtained using the two
calibration methods. The calibrated data is finally gated with
a 3.3 ns window in the time domain, chosen to aquire the
entire target response and to minimize the influence of the
background. The time domain filtering, as well as a large
antenna beam width at low frequencies, reduces the useful
frequency range to 2.5–38 GHz.

3.40 m 3.40 m

2.38 m

Transmitting
antenna

Receiving
antenna

Figure 1. The figure shows the experimental setup in the
anechoic chamber.

4 Results and discussion
4.1 Calibration

The first calibration method described here using a calibra-
tion target is the standard method for RCS calibration [4].
The RCS amplitude is determined from the difference be-
tween a measurement with the scattering target present and
a measurement without target. The RCS amplitude compo-
nent Aij(f) defined previously with i and j transmitted and
received polarizations, respectively, is then given by

Aij(f) = vij(f)(Vij,r(f)− Vij,d(f)), (8)



where vij(f) is the complex-valued calibration vector for the
setup, Vij,r(f) is the complex-valued amplitude as measured
at the receiver with a scattering target, and Vij,d(f) is the
complex-valued amplitude as measured at the receiver with-
out a scattering target.
In this method vij(f) is determined in a calibration measure-
ment using a target with known RCS amplitude, Aij,cal(f).

vij(f) =
Aij,cal(f)

(Vij,r,cal(f)− Vij,d(f))
, (9)

where Vij,r,cal(f) is the measured amplitude at the receiver
for the calibration target.
Spheres are ideal forward RCS calibration objects for several
reasons. The RCS is easy to calculate to very good accuracy
using the Mie series, see Ref. [5]. The symmetry of a sphere
means that it is straightforward to align. A sphere has also a
much larger forward RCS than its monostatic RCS. In fact, a
sphere’s forward RCS is similar to the forward RCS of a flat
plate with the same cross section area.
It is also of interest to find a method that does not require a
calibration target. This alternative method is based on mea-
suring the direct signal from transmitting to receiving an-
tenna and using it to calibrate [8].
The transmitting and receiving antennas are positioned fac-
ing each other at distance rd between the antenna phase cen-
ters so that the direct path signal can be measured. Assuming
that the transmitting antenna generates a spherical wave, the
measured amplitude component at the receiving antenna for
an empty setup can be written

Vij,d(f) =
F0eikrd

2
√
πrd

, (10)

where F0 is the far field of the transmitting antenna and rd is
the distance between the antenna phase centers. The incident
field at the object position rt is

E0 =
F0eikrt

2
√
πrt

, (11)

and the far field amplitude of the scattered field is F = SE0,
where S is the scattering coefficient. The received signal
with object present is

Vij,r(f) = Vij,d(f) +
SE0eikrr

2
√
πrr

= Vij,d(f) +
SF0eikrd

4πrtrr
,

(12)
were rr is the distance between the target and the receiving
antenna, rr + rt = rd. We can then solve for the scattering
coefficient as

S =
Vij,r(f)− Vij,d(f)

Vij,d(f)

2
√
πrtrr

rd
(13)

This expression is equal to the complex valued RCS ampli-
tude for the object, Aij(f), and can be used to calculate the

RCS by (3) and the extinction cross section by (6). The cali-
bration vector, vij(f), can be identified as

vij(f) =
2
√
πrtrr

rdVij,d(f)
. (14)

A comparison between the two methods is made by perform-
ing forward RCS measurements on small metal spheres, with
different radii a and calibrating the measured data with both
calibration methods. The results of these measurements are
shown in Fig. 2. The first calibration method using a cali-
bration target gives a more accurate result than the second
method. In fact, the data calibrated in this way is so close
to the theoretical results that the curve is hard to distinguish
from the theoretical curve in the figure. A calibration with the
second calibration method using the direct path measurement
to obtain a calibration vector results in a forward RCS that
deviates up to 0.7 dB from the Mie result. It is not clear what
causes the discrepancies for the second calibration method.
Further studies are needed in order to investigate this.
The equation (6) is used to determine the extinction cross
section for horizontally polarized incident electric field from
the forward RCS amplitude, shown in Fig. 2, with similar
results.

4.2 Background Subtraction
Consecutive background measurements of the forward scat-
tering amplitude, Abg(f, k̂), are performed to determine the
efficiency of the background subtraction as a function of
time. Abg,0(f, k̂) is the forward scattering amplitude mea-
sured at t = t0 and Abg,n(f, k̂) is the forward scattering
amplitude measured at t = tn with tn > t0. The subtraction
efficiency is defined according to Eq. 15. Here η(f0, tn) is
the subtraction efficiency for the frequency f = f0 at time
t = tn. The efficiency is obtained by averaging over a fre-
quency interval centered at f = f0 with k frequency points,

η(f0, tn) =
1

k

∑
i

∣∣∣∣Abg,n(fi, k̂)−Abg,0(fi, k̂)

Abg,n(fi, k̂)

∣∣∣∣2 (15)

Fig. 3 shows the subtraction efficiency, η, as a function of
time for six different, 2 GHz wide, frequency bands. The
bands with 6, 12 and 18 GHz center frequencies are measured
at the same time and the bands with 24, 30 and 36 GHz center
frequencies are measured at the same time but on another
day. As expected and seen in the figure, the subtraction is
most efficient at low frequencies. With reduced wavelength
the effect of displacements becomes larger. The losses also
increase with increased frequency which means a reduced
signal to noise ratio (SNR). The reduced SNR also reduces
the efficiency of the subtraction. The figure shows that the
background subtraction is most efficient if the subtraction is
performed within a few minutes relative to t0. Focusing on
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Figure 2. Comparison between results from forward RCS
measurements on metal spheres using the two calibration
methods described (top figure). The corresponding results
for the extinction cross section are shown in the bottom fig-
ure. The results obtained from a Mie series calculation are
shown as a reference.

the first 4 h of the measurements it is seen that the curves
are not monotonically increasing. Instead, the subtraction is
more efficient at t = 4 h than at t = 2 h.
This is interpreted as due to a change in distance between
transmitting and receiving antenna. This interpretation is
confirmed by a corresponding phase shift in the background
measurement data. It is likely that this change in distance is
caused by small chamber contractions or expansions due to
temperature changes. Estimates of the temperature changes
that are required to obtain these results can be made assum-
ing a 6.8 m antenna to antenna distance, a chamber steel
support structure and a coefficient of linear expansion of
11.7 · 10−6/◦C for steel [9]. The subtraction efficiency is
–63 dB for the 6 GHz curve at t = 2 h and –30 dB for the
36 GHz curve at t = 3 h. Assuming that the background sub-
traction efficiency is limited by relative displacements of the

antennas, displacements of 5.6µm and 24µm are calculated
for 6 GHz and 36 GHz, respectively. Using the antenna to
antenna distance and the coefficient for linear expansion for
steel, the error levels correspond to temperature changes of
0.07 ◦C and 0.3 ◦C, respectively. This means that it is ex-
tremely important to maintain a stable temperature if a good
background subtraction efficiency is desired.
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Figure 3. The figure shows the subtraction efficiency as a
function of time, in hours, for ∆f = 2 GHz wide frequency
bands. The curves are labeled with the center frequencies of
the frequency bands.
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Figure 4. Measurement of the background. The figure
shows calibrated raw data from a background measurement,
data after subtracting another background measurement, and
after additional time gating.

The result of a forward RCS measurement of the empty
chamber is shown in Fig. 3. The figure also shows the re-
sults after coherent background subtraction and time domain
gating. The performed background subtraction suppresses



the background by more than 70 dB which gives a back-
ground level of less than –55 dBsm at the lower frequen-
cies. The background suppression becomes gradually less
efficient with increasing frequency and gives a background
of less than –25 dBsm at the highest frequencies. Time do-
main gating reduces the background by another 5 dB for the
lower frequencies and 20 dB for the higher frequencies, see
Fig. 4.

4.3 Polarimetric measurements
The cross-polarization distortion in the transmit and receive
channels can be estimated measuring the background signal
using the setup in Figure 1 without a target. Figure 5 shows
the results from such a measurement of the calibrated back-
ground signal for the HH and HV components. The suppres-
sion, i.e., the difference between the two curves, varies from
approximately 20 dB to more than 30 dB depending on fre-
quency.
The forward RCS of a helix,is measured with the incident
wave direction, k̂, along the axis of the helix. A helix is cho-
sen because it is expected to give different extinction cross
sections for different circular polarizations of the incident
wave. The four linearly polarized components, HH, VV, HV
and VH, of the forward RCS obtained from a measurement
of the helix sample are shown in Figure 6. The correspond-
ing forward components of the RCS amplitude are used to
determine the circular polarized components.
The corresponding forward RCS amplitude components can
be used with (6) to obtain extinction cross sections for circu-
lar polarized incident waves. The resulting extinction cross
sections for the helix for left circular polarized incident wave
and for a right circular polarized incident wave are shown in
Figure 7. There is also, as expected, a large difference be-
tween the two polarizations due to the geometry of the helix.
The results are compared with method-of-moments calcula-
tions to validate the method. It is found that the measured
and calculated results qualitatively agree well.
Polarimetric calibration to reduce the effect of cross-
polarization distortion in the transmit and receive channels is
considered for future development of the method presented
in this paper. One could e.g., use methods analogous to po-
larimetric calibration methods suggested for monostatic mea-
surements, see e.g., [10]. However, finding a calibration ob-
ject for broadband forward scattering polarimetric calibration
is more complicated than in the monostatic case.

5 Conclusions
A method to determine the extinction cross section utilizing
forward RCS measurements is developed. It can be used to
determine the extinction cross section in the frequency range
2.5–38 GHz.
It is found that a calibration using a calibration target is more
accurate than an alternative calibration method that does not
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Figure 5. The figure shows the measured calibrated back-
grounds for HH and HV polarizations before background
subtraction.
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Figure 6. The figure shows the measured linearly polarized
forward RCS components.

require a calibration target. It is concluded that the alternative
method needs further analysis to be useful for this purpose.
It is suggested that changes in the relative distance from
transmitting antenna to receiving antenna are the limiting fac-
tor for the background subtraction efficiency. It is found that
the combined effect of coherent background subtraction and
time domain gating is to suppress the background by 75 dB
at low frequencies and by 50 dB at high frequencies. This
results in a remaining background level of –60 dBsm at low
frequencies and –35 dBsm at high frequencies for a forward
RCS measurement.
The method is validated by measuring small metal spheres
with known extinction cross sections. It is determined that
the extinction cross section can be measured with good ac-
curacy down to a level of –30 dBsm for the investigated fre-
quency range. Measurements of the RCS amplitude linear
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Figure 7. The figure shows the extinction cross sec-
tions, σext(f), for left circular (LCP)(top) and right circular
(RCP)(bottom) polarization of the incident wave determined
from experiments and calculations. A drawing of the helix
(dimensions in mm) used in the experiments is shown as an
insert.

polarization components can be used to calculate the extinc-
tion cross section for a circular polarized incident wave.
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