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Summary

Many radar systems utilize a single antenna for transmission and reception, Le. monostatic
radar. In the bistatic case, the transmitter and the receiver are located at different positions.
When discussing bistatic radar system performance, a measure of the scattering strength of
the targets is necessary. The measure used for the bistatic case is the bistatic Radar Cross
Section (RCS). The bistatic RCS of an object is a measure of its "size" as seen at a particular
wavelength, position and polarization.

In this report, the Near-Field (NF) bistatic RCS is simulated and measured for simple shapes
like a flat plate and two pointscatterers. Also the NF-RCS is measured of a Boeing 747
model (complex shape). These simulations and measurements are carried out for two
different scanning methods. The first method is called spotlight method: the target is fixed
and the probe turns circularly around the target. The second method is called fixed probe
method: the probe is fixed and the target turns around. The simulations and measurements
of the flat plate and the two pointscatterers are compared in chapter 2.

It is possible to transform the Near-Field data, obtained by the spotlight method, to the Far
Field by making use of a NF/FF transformation program. The transformed simulations and
measurements of the flat plate and the two pointscatterers are compared in chapter 3. These
Far-Field data will be processed by means of an image-program.

Radar imaging is an useful measurement tool for understanding and analyzing
electromagnetic scattering from (complex) targets. A radar image is defined as the spatial
distribution of reflectivity corresponding to the target. An image is obtained by means of
resolution in down-range and cross-range. On behalf of this report use is made of Inverse
Synthetic Aperture Radar (lSAR) imaging. The simulated and measured bistatic data of
chapter 2 and 3 are imaged by the program IMAGE. This program IMAGE is written for
the monostatic case. In this report is examined if "bistatic" images made by a monostatic
image-program are useful. Also is examined "how to look" at these images for both scanning
methods trying to find a rule of thumb. The image-results are presented in chapter 4.
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1 Introduction

1.1 Bistatic ReS

Many radar systems utilize a single antenna for transmission and for reception (monostatic
radar) but this is not the only configuration that can be used. In the bistatic case, the
transmitter and the receiver are located at different positions. A simplified sketch of the
bistatic geometry is given in Figure 1.1, which shows the bistatic angle {3 and separation
of the transmitting and receiving antennas.

Figure 1.1: Simplified bistatic radar geometry.

As in the case of monostatic radar systems, when discussing bistatic radar system perfor
mance, a measure of the scattering strength of targets is necessary. The measure used for
the bistatic radar case is the bistatic Radar Cross Section (RCS). A basic definition of the
RCS of a target is given in equation (1.1).

(1.1)

where

C1 = radar cross section
E j = incident (plane wave) electric field magnitude at the target
Es = scattered electric field magnitude at the receiver
r = range from target to receiver

The RCS of an object is a measure of its "size" as seen at a particular wavelength and
polarization. RCS has units of m2 and is often expressed in decibels relative to a square
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meter (dBm2). The reference (1m2) is the projected area of 1m2 of a sphere.

(1.2)

The bistatic RCS is not only a function of the target orientation and frequency, but also of
the bistatic angle (3 between the transmitter and receiver. In general, monostatic and
bistatic RCS are not equal.

1.2 Near-Field and Far-Field

RCS measurements are closely allied with measurements of antennas. In both cases, the
measurement response versus the aspect angle is determinated. The concepts of far-field
conditions, polarization, etc., are common to both antenna and RCS measurements.

According to [Bal,82], the space surrounding an antenna is usually subdivided into three
regions:

a) Reactive near-field region,
b) Radiating near-field (Fresnel) region,
c) Far-field (Fraunhofer) region.

These regions are shown in Figure 1.2 and are also valid for the environment of a target.
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Figure 1.2: Field regions of a(n) antenna/target.

2



Reactive near-field region is defined as "that region of the field immediately surrounding
the antenna/target wherein the reactive field predominates".

Radiating near-field (Fresnel) region is defined as "that region of the field of an anten
na/target between the reactive near-field region and the far-field region wherein radiation
fields predominate and wherein angular field distribution is dependent upon the distance
from the antenna/target" .
The outer boundary is taken to be the distance R < 2D2/A where D is the largest
dimension of the antenna/target and D > A. This criterion is based on a maximum phase
error of 'Tr/8 of a spherical wave. This wave is sampled over a dimension D on a planar
surface located at a distance 2D2/A from the phase center of the spherical wave.

Far-field (Fraunhofer) region is defined as "that region of the field of an antenna/target
where the angular field distribution is essentially independent of the distance from the
antenna/target. The inner boundary is taken to be the radial distance R = 2D2/A and the
outer one at infinity.

Example:

target: D = 1m, f = lOGHz ~ 2D2/A = 67m

so near-field:
far-field:

R < 67m
R ~ 67m

1.3 Measurements

The basic definition of RCS in equation (1.1) specifies plane-wave illumination of the
target and measurement of the scattered spherical wave by the radar receiving antenna
under far-field conditions. Thus:

1) the target must be in the far-field of the transmitting radar antenna,
2) the radar receiving antenna must be in the far-field of the spherical wave

scattered by the target,
3) the target must be in the far-field of the receiving antenna.

The RCS measurements will be performed in a Compact Antenna Test Range (CATR). In
the quiet zone of the CATR, the target will be illuminated by a synthesized semi-plane
wave. So the first condition mentioned above is satisfied.
In the monostatic case, the response from the target, i.e. the scattered wave, is received
in approximately the same spot as where the initial transmission took place, thus in the
semi far-field of the target. So the second and third condition are satisfied for the
monostatic case as well.

In the bistatic case the incident semi-plane wave is scattered by the target to the receiving
probe at the bistatic angle {3. This means that for bistatic RCS measurements a second
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CATR would be necessary to measure the scattered waves in the semi-far-field. This
solution is costly and requires additional space.

Alternatively, the scattered waves can be measured by an additional probe in the near
field. This is called near-jield scanning. To get the far-field information, the near-field
measurements will be extrapolated to the far-field by a near-jield/far-jield transformation
technique. Then the second and third condition are also satisfied for the bistatic case.

1.3.1 Physical situation

In a Compact Antenna Test Range, a part of the space is illuminated by a semi plane
wave. This semi plane wave is generated by illuminating a parabolic curved mirror with a
spherical wave and reflecting this to a second mirror. The result is a nearly plane wave at
some distance from the second mirror, i.e. the quiet zone, where all complex fields are
dampened out. The target is placed in the quiet zone (far-field). A sketch of the CATR at
the TUE Antenna-lab is given in Figure 1.3.

CATR
Mirrors

:::J:::::=E==j: Incident
TTT Wave

Quiet ~))
Zone '~

Target

Probe

CATR
Mirrors

::::E:=I==l== Incident
TTT Wave

Quiet ~
Zone' ,_~ ::::

Target

Figure 1.3: The CATR at the TUE Antenna-lab.

In the chamber the walls are clothed with Radar absorbing material so creating an electro
magnetic anechoic room. The target is positioned on a styrofoam column.
A HP8510B network analyzer, controlled by a micro-VAX workstation, is used for data
aquisition.
The program ARCS is employed as a supervisor during the measurements and for
handling and processing the acquired data.
The scattered E-field will be measured with a rectangular quadridge waveguide (type RF
0800) as a probe. For these measurements only linearly polarized (VV) waves are used,
with frequency: 8 GHz :::; f :::; 13 GHz.

4



1.3.2 Noise improvement

There are several options to improve the measurement results. One of them is to boost the
output power of the network analyzer, but this is not immediately possible. Another
option is to improve the dampening and shielding of the chamber, but this would be an
expensive solution.
A simple solution is to make use of background subtraction. The essence of this method
is to subtract the empty room data in every scanning position of the previous actual
measured data. In that way it is possible to decrease the influences on the measurement
like scattering as a result of the environment of the target, such as the walls, floor,
ceiling, column and probe mounting construction.

This technique is applied as follows:

• Immediately after the actual measurement, the target is removed from the pedestal,
with the least possible disturbance of the environmental conditions in the anechoic
chamber.

• For every measurement point, the measurement is repeated without target in the
room (i.e. 'empty room' measurement).

• After measuring the 'empty room' datafile is complex (amplitude and phase)
subtracted from the original measurement datafile.

A disadvantage of this method is the problem of shadowing of parts of the (empty) room
by the target. These parts can be partly removed by using an appropriate gate.
Another disadvantage is that the overall measurement duration increases with a factor of
two, bringing more costs and efforts.

The effect of the application of background subtraction on an arbitrary measurement is
shown in Figure 1.4. The original measurement is shown left and the corrected measure
ment right.

In order to improve the signal to noise ratio of the measurements, it is possible to make
use of averaging. This means that for every measurement point, several measurements
will be done and then be averaged. Because noise is a stochastic signal, the measured
noise level will be lowered by averaging, so the signal to noise ratio increases. For the
measurements on behalf of this report we will make use of 32 averages, both at original
measurement and at 'empty room' measurement.

5



o.

C -to.
m
TI
'-"

-20.
01
m
L

01 -30.
0
~

-40.
-1. -.5 O.

o.

-to. m
TI
'-"

01
-20. m

L

01

-30. 0
~

........................................................................................................~............... -40.
.5 1. -1. -.5 O. .5 1.

DISTANCE (m)

Figure 1.4: Illustration of the effect of background subtraction.

1.4 Methods of bistatic RCS-simulation/measurement

If you want to use a azimuth positioner in the CATR, there are 3 methods for measuring
bistatic RCS:

a) circular spotlight method,
b) fixed probe method,
c) a combination of circular spotlight and fixed probe.

For the bistatic RCS-measurements and -simulations on behalf of this report we will make
use of the circular spotlight and the fixed probe method.
These methods are also used for Synthetic Aperture Radar (SAR), see chapter 4. Then
they are called Spotlight SAR and Inverse SAR (ISAR).

1.4.1 Circular spotlight method

At the (circular) spotlight method, the target is fixed and the probe moves circular around
the target. An illustration of the spotlight method is shown in Figure 1.5.

6



Figure 1.5: Illustration of spotlight method.

The circular scanner is mounted on a azimuth positioner, right under the origin of the
target coordinate system. The circular scanner consists of an arm to which a probe (RF
0800) is fastened. The target is mounted on a styrofoam column (0.90 m) which is fixed
on a plateau right above the azimuth positioner and circular scanner.
The circular scanner can move freely under the fixed plateau. The distance between the
front of the probe and the rotation-axis is exactly 2.00 m (near-field).
In this report we confine to bistatic ReS-measurements and -simulations where the probe
and the target are positioned in a plane perpendicular to the rotation-axis.

1.4.2 Fixed probe method

At the fixed probe method, the probe is fixed and the target can tum around. An
illustration of the fixed probe method is shown in Figure 1.6.

TUT

Figure 1.6: Illustration of fixed probe method.

The probe is mounted on a tripod, so that the distance between the rotation-axis and the
front of the probe is also exactly 2.00 m. The target is mounted on a styrofoam column
(1.20 m) which is fixed on the azimuth positioner with its origin on the rotation-axis. The
probe and the target are positioned in a plane perpendicular to the rotation-axis.
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1.5 Description of the targets

Three types of targets are used. Two simple shapes are modelled and will be simulated
and measured. A scale model of a B747 will only be measured. A sketch of the three
targets is given in Figure 1.7.
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Figure 1.7: The used targets: a) flat plate, b) 2 point
scatterers, c) B747

The flat plate measures Im x 0.06m x 0.003m, and is made of aluminum. The front of
the plate has to be very plane to avoid serious phase-errors at the measurements. The flat
plate will be modelled with the Physical Optics (PO) method, using induced surface
currents (see chapter 2).

The two pointscatterers are two pieces of aluminum pipe which are assumed to scatter
spherical waves because their size is almost the same as the used wavelength (A =
0.03m). The pieces have a length of O.03m and a diameter of 0.025m. The wall has a
thickness of 0.OO3m.
One of the pointscatterers will be placed in the origin on the rotation-axis. The other will
be placed on a distance of O.5m of the rotation-axis.
At the simulations, diffraction and effects like 'creeping waves' are not taken into
account, but they will probably have a certain influence on the real scattering pattern of
these targets.

The B747-model is a 1:100 model. It measures circa O.5m x 0.7m. The plastic model is
covered with a metal-holding paint, so it scatters like a real airplane.
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1.6 Survey of the graduation-work

In this paragraph a survey will be given of the graduation-work this report is dealing
with.

Bistatic ReS (NF):

• modelling a flat plate and two pointscatterers to predict bistatic NF-RCS for
spotlight and fixed probe method,

• simulation of the bistatic NF-RCS of these simple shapes,
• experimental verification of the simulation-data by measuring the bistatic NF-

RCS of the simple shapes, spotlight- and fixed probe method,
• comparison of NF simulation-results and NF measurement-results (simple shapes),
• measuring of the bistatic NF-RCS of the scale model B747,
• trying to find rules of thumb for bistatic RCS simulations/measurements.

This will be dealed with in chapter 2.

NF/FF transformation:

• try to find NF/FF transformation method for spotlight method,
• try to find NF/FF transformation method for fixed probe method,
• NF/FF transformation of simulated NF data, spotlight method,
• NF/FF transformation of measured NF data, spotlight method,
• comparison of FF simulation results and FF measurement results for simple

shapes, spotlight method,
• trying to find rules of thumb for NF/FF transformation.

This will be dealed with in chapter 3.

Bistatic ISAR imaging:

• bistatic ISAR imaging of NF/FF data, spotlight and fixed probe method
measured and simulated,

• comparison of the images,
• trying to find rules of thumb how to look at bistatic images for spotlight and fixed

probe method.

This will be dealed with in chapter 4.
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2 Bistatic NF-ReS-simulations and -measurements

2.1 ReS vs. aspect

The bistatic radar cross section (RCS) of a target O"B is a measure, as is the monostatic cross
section O"M' of the energy scattered from the target in the direction of the receiver. Bistatic
cross sections are more complex than monostatic cross sections because O"B is a function of
the aspect angle and the bistatic angle. "
Three regions of bistatic RCS are of interest:

- pseudo-monostatic RCS region,
- bistatic RCS region,
- forward-scatter RCS region (sometimes called near-forward scatter region).

The extent of each region is set primarily by physical characteristics of the target. On behalf
of this report simulations and measurements will be done in the bistatic region, and only
measurements will be done in the forward-scatter region.

• Pseudo-monostatic ReS region

According to [Wil,91] the Crispin and Siegel monostatic-bistatic equivalence theorem applies
in the pseudo-monostatic region: for vanishingly small wavelengths the bistatic RCS of a
sufficiently smooth, perfectly conducting target is equal to the monostatic RCS measured on
the bisector of the bistatic angle.
A variation of the equivalence theorem developed by Kell [Kel,65] applies to targets of more
complex stucture: for small bistatic angles, typically less than 50, the bistatic RCS of a
complex target is equal to the monostatic RCS measured on the bisector of the bistatic angle
at a frequency lower by a factor of cos({3/2).
An illustration of the equivalence theorem is shown in Figure 2.1.

TARGET

I
IJI2 I

I

81STAnc
TRANSMITTER

I IJ
I
I
~

MOHOSTATIC

RADAR

e.STATIC
RECEIVER

Figure 2.1: Illustration of equivalence
theorem.

Kelt's complex targets are defined as an assembly of discrete scattering centers. The cos({3/2)
frequency reduction term has little effect in Kelt's pseudo-monostatic region, 00< {3 < =:: 50,
since a 50 bistatic angle corresponds to less than 0.1 % shift in wavelength. At {3 > 50 the
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change in radiation properties from discrete scattering centers is likely to dominate any
cos({3I2) frequency reduction effect. So the cos({3/2) term is often ignored.

• Bistatic Res region

In this region the bistatic RCS diverges from the monostatic RCS. Kell [Kel,65] identified
three sources of this divergence for complex targets:

1) changes in relative phase between discrete scattering centers,
2) changes in radiation from discrete scattering centers,
3) changes in the existence of centers, appearance of new centers or disappearance

of those previously present.

The first source is analogous to fluctuations in monostatic RCS as the aspect angle changes,
but now the effect is caused by a change in bistatic angle.
The second source occurs when, for example, the discrete scattering center reradiates, i.e.
retroflects, energy toward the transmitter and the receiver is positioned outside the
retroflected beamwidth; thus the received energy is reduced.
The third source is typically caused by shadowing. An example of shadowing is shown in
Figure 2.2. In general, this divergence results in a bistatic RCS lower than the monostatic
RCS for complex targets.

MoROltotic Radar

Figure 2.2: Example of shadowing.

• Forward-scatter ReS region

Forward scattering occurs when the bistatic angle approaches 1800
• When {3 = 1800

, Siegel
et al. [Sie,55] showed, based on physical optics, that the forward-scatter RCS l1F of a target
with shadow (or silhouette) area A is l1F = 41rA2/'A2, where the wavelength is small
compared to the target dimensions. This depends on the object's projected area and the
wavelength, but not on the object's shape or material composition.
An explanation of forward scatter is that interference between incident and scattered fields
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produces a wavefront that is nearly the same as the incident wavefront except for having a
shadow region that corresponds to a "hole" in the wavefront. The beam pattern is the same
as the radiation pattern of a uniformly illuminated aperture antenna whose shape is the same
as that of the shadow cast by the object. This equivalence is based on Babinet's principle
from optics.
This principle states that the radiation pattern of a plane wave incident on a planar opaque
screen, in which there is an opening, is the same as the radiation pattern of the same plane
wave incident on a complementary screen in which the opening corresponds to the opaque
portion of this first screen, and vice versa. An illustration of Babinet's principle is shown in
Figure 2.3.

-RT -Source

"Dip.I,"~
target Vi"

Opaque
(Reflecting or

absorbing)
-RR-

>--D
Receiver

E

JL:"
"Slot"
target

>--D

Figure 2.3: Illustration of Babinet's principle.

According to Babinet's principle, the (scattered) radiation-pattern is identical to the radiation
pattern produced by the incident fields illuminating an infinite opaque screen with an aperture
shaped exactly like the object's silhouette. The bistatic ReS O'B for the object can thus be
written

(2.1)

- -where A is the wavelength, k is the wavenumber vector, p is the coordinate vector in

the screen plane, and ds is the differential surface area.
The integration in equation (2.1) is performed over an aperture identical to the silhouette cast
on the screen by the object. When the bistatic angle {3 is equal to 1800

, (2.1) reduces to the
form

(2.2)
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where A is the area of the silhouette. Equation (2.2) can also be written:

(JF = GA (2.3)

where G = 47rA/"A2, the peak antenna gain of the uniformly illuminated aperture of A.

Restrictions on the use of this technique are:

1) The dimensions of the object must be larger than a wavelength.
2) Scattered-field-polarization is not taken into account. This limitation should not be

a problem because the polarization properties of the scattered radiation should
generally be about the same as the polarization properties of the incident fields.

3) The object must be in the far field of both the transmitter and receiver (R > 2rY-/"A).

2.2 Prediction of NF-ReS

The target will be illuminated by a plane wave. The incident electromagnetic wave induces
a current at the surface of the target. If the target in that particular spot is perfectly
conducting, this current is limited to the surface. Otherwise, there will be currents induced
under the "skin" of the target, caused by penetration of electromagnetic waves in the
material.
Next, these induced currents excite electromagnetic waves again, the scattered waves. The
method used for simulating the targets is Physical Optics (PO). The essence of this method
is to calculate the induced currents in discrete equidistant points on the target (.1x,.1y). These
currents act as source points, from which electromagnetic waves are excited.

It can be proven [Bal,82],[Jeu,88], that if the E- and H- field are known on the surface S of
closed volume V, the field outside this volume can be calculated using the Lorentz-Larmor
integration formulas (2.4) and (2.5). These formulas describe the fields outside a volume V
as a function of the induced currents on the surface S of volume V. For the problems,
described in this report, closed volume V holds the target, whereas surface S is the surface
of the target. Now the Lorentz-Larmor formulas describe the fields in the near- and far-field
outside V. The environmental circumstances are considered vacuum.

(2.4)

(2.5)
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with:
__ -jklr-r'l

I/;(r,r') = _e__,-
411"I"r-,'/

~ 211"and: k = WYJJ.€ = T ,the wavenumber.

The simulations of the various bistatic setups to be discussed in this report, will be checked
for validity by measurements. Because the E-field will be measured, only equation (2.4) is
of interest. In this situation S refers to the surface of the target. When we assume surface S
to be perfectly conducting, the first part of equation (2.4) becomes zero, because only an E
field perpendicular to the surface is allowed; other components would cause infinite surface
currents to flow, so .

Now equation (2.4) reduces to:

Eif) = -.1_ vr Xvr Xl [n Xiii;:')] l/;(r,,')dS
}W€O

1

(2.6)

Equation (2.6) will be referred to as the reduced Lorentz-Lannor fonnula . In this equation,
the integration surface S is replaced by St, hereby excluding the parts of surface S, that do
not add to the field at the probe or are negligible, S2. This is illustrated in Figure 2.4.

Figure 2.4: Definition of integration surfaces S, St and S2.
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In order to be able to apply the PO-method,some assumptions have to be made:

- There is no diffraction from the edges of the target.
- The fields at the non illuminated region (shadowregion) of the target are negligible.
- The target surface is perfectly conducting.
- The scattering of the environment (CATR, mounting column, probe, etc.)

surrounding the target is negligible.
- The situations are reduced to two dimensional problems (XY-plane perpendicular

to rotation-axis).

The unit-vectors as defined in Figure 2.5 will be consequently used.

y

Figure 2.5: Definition of unit-vectors.

On behalf of the simulations and measurements in this report, we will confine to VV
polarization. VV means: Vertical polarization wave incident, Vertical probe polarization.
In Figure 2.6 the definition of unit-vectors of the incident plane wave is shown.

Glez

. -iy

~
...... ..

~.... ~... i.. ~.. ~.:. ~.:.. . ..
.. ... . .
.. ...
:; ::;

.. . .

Figure 2.6: Definition of unit-vectors of incident plane
wave.
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A plane wave, vertical polarization (VV), propagating in the positive x-direction, is defined
as:

2.2.1 Spotlight method

2.2.1.1 NF E-field derivation for the flat plate

In Figure 2.7 an illustration is shown of a vector diagram of a flat plate with plane wave
incident, spotlight method.

+

__.....--..i9.--------.---
.-.-"

·_--···_··__·...~._._._f ....

Figure 2.7: Vector diagram of flat plate, spotlight method.

The position of the probe is taken relatively to the coordinate system of the target. The origin
of the scanning system lies at the origin of the target coordinate system. The symbols used
in Figure 2.7 and in the following equations are:

- fi is the normal vector, perpendicular to surface S1

- r is the vector from the origin of the target coordinate system to the position of

the probe
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- " is the vector from the origin of the target coordinate system to the integration

position on surface 51' determining the position on 51' from which the contribution
of the scattered fields to the total field at the scanning point is calculated

- '0 is the vector from the integration position on 51 to the scanning position,

determining the path from the radiation point to the probe

- 8 is the angle of the flat plate with the positive x-axis

For vertical polarization of the incident E-field we find:

When this is introduced into (2.6), the next equation evolves:

. 8 [ ,- -'I ]- H Sin . , -jk r-r
E (,) = a ()1e -Jkr cos(8) V X V X e e dS

a 4 . r r -, Z
7r}W€o I' -, I

1

(2.7)

(2.8)

In order to be able to numerically calculate the E-fields, this expression has to be rewritten~

eliminating the curls. This is done, using the transcriptions as derived in [Bon,92] Append.A:

H . (8)k2 -jkr [- - a SIn
A 1-jkr'cos(8) e 0Ea(,) = . ez e -- I

47r}w€0 '0
1

with: '0 = 1'-"1

(2.9)

This formula describes the E-field at the probe for vertical polarization.

2.2.1.2 NF E-field derivation for the two pointscatterers

For the two points a different approach is needed. We assume the two points to scatter like
pointscatterers, so they will scatter spherical waves. This is justified because the size of the
points is about a wavelength (O.03m).
The result of this model is that calculations are simplified to a great extent, because there is
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no need for the use of the (reduced) Lorentz-Larmor formulas.
Figure 2.8 shows the configuration of the two points, plane wave incident, spotlight method.

B

Figure 2.8: Configuration for two points, spotlight
method.

Each point is thought to scatter uniformly in all directions, independent of the other point.
A reference plane is defined, in order to specify initial phase. It is placed at the origin of the
target coordinate system.
The distance between a target point and the reference plane R1,j is calculated. Since the
amplitude of the incident plane wave is independent of the length of the travelled course, the
phase is only shifted by a factor kR1,i, with k is the wavenumber. Due to scattering, a
spherical wave originating from the centre of the point (this is an approximation) is
transmitted. The distance between the centre of the point and probe, R2,j, shifts the phase by
a factor kR2,j and reduces the amplitude by a factor R2,j' Summation over both points gives:

-
Ecx: E

points

-jkR., .
-jkR•. e _.1e .1 _

R2 ,
,I

(2.10)

2.2.2 Fixed probe method

2.2.2.1 NF E-field derivation for the nat plate

Again we take a look at Figure 2.7 and equation (2.9). At the spotlight method, () is fixed
and for every scannerposition (¢ is variable) the E-field is calculated by use of equation
(2.9). At the fixed probe method, the probe is fixed, so ¢ is fixed. Now the target rotates,
thus () is variable. For every target position (=() the E-field can also be calculated by use
of equation (2.9).
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2.2.2.2 NF E-field derivation for the two pointscatterers

Let's look at Figure 2.8 again. We want to use the same procedure as in § 2.2.2.1 to predict
the E-field for the fixed probe method. Now we don't rotate the target but we rotate the
target coordinate system relative to the original target coordinate system (Figure 2.8). An
illustration of this is shown in Figure 2.9.

x' x

x.'
. I

y'

Figure 2.9: Definition of coordinate systems

If the new coordinate system (x' ,y') turns counterclockwise relative to the original system
(x,y), () is positive. The coordinate systems (x' ,y') and (x,y) are related by a rotation over
():

[
X:] = (c~se sine1. (Xi]
l -sme cose Yi

(2.11)

At the fixed probe method, the probe is fixed. The target rotates by rotating the coordinate
system. For every targetposition «() the E-field can also be calculated by use of equation
(2.10) but now the coordinates (~'Yi) have to be replaced by (xi' ,y/) using equation (2.11).

2.3 Simulation and experimental verification of NF-ReS

2.3.1 Simulation and measurement setup

Simulation setup:

On behalf of the simulations of the flat plate, we make use of the Pascal program BALKVV
which is based on equation (2.9). For the two points we make use of the program MS_MF
which is based on equations (2.10) and (2.11).
One can use these programs for spotlight as well as for fixed probe method. At these
programs it is possible to give in a frequency-range, an azimuth-range (cb) or angle-range «(),
and the distance between target and probe.
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On behalf of this report we have taken the frequency-range: 8 GHz < f < 13 GHz. The E
field will be simulated/measured for 20 frequencies in this frequency-range. We have taken
20 frequencies because the NF/FF-transformation program CYLFFC cannot handle more
than 20 frequencies (see chapter 3).

The (azimuth) distance between the simulation/measurement points has to be small enough
so that the actual near-field is completely described by the simulated/measured data. This
requirement is represented by a sampling theorem. In the case of circular scanning it means
that the maximum value for the angular separation 114>, needed for accurate far-field
predictions, is [Smo,87]:

(2.12)

where A is the wavelength and a is the minimum value of the radius of the measurement
"circle" enclosing the target.
When we take into account 2 times oversampling, (2.12) will change into

114> = A
4(a+A)

Now the minimum number of azimuth-steps N¢ can be derived as follows:

4> 27r(a+A)4>
N¢ > 114> = 90A

with 4> the angular range in degrees.

(2.13)

(2.14)

The largest used target is the 1m flat plate, thus a = O.5m. The minimum used wavelength
A = 0.023m (l3GHz). So for an angular range 4> = 90 0 we need N¢ = 143 equidistant
angular steps.
To create some more margin we will take N¢ = (24) + 1) for the used targets (a = 0.5m)
with 4> in degrees, thus 114> = 0.5 0

•

The simulations/measurements will be done only in the plane through the ongm,
perpendicular to the rotation-axis. So the simulated/measured data are 2-dimensional data.
On behalf of this report we will only simulate near E-field. For that we take r = 2.00m as
distance between the origin and the probe. It is also possible to calculate the far E-field with
the equations (2.9) and (2.10). Then you have to take for example r = 500m (r > 2D2/A).

The simulations/measurements will give uncalibrated data. At the simulations this is caused
by some constants in equations (2.9) and (2.10) which are unknown. At the measurements
this is caused by the fact that we don't have a suitable bistatic RCS calibration method. The
use of a monostatic RCS calibration method is probably not allowed for bistatic
measurements.
To be able to compare the NF-simulations and -measurements, these non-calibrated data will
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be normalized (0 dB level).

Measurement setup:

A HP8510B network analyzer, with a HP8341B synthesized sweeper, a HP8511A frequency
converter and some usermade modifications and add-on's, controlled by a micro-VAX, are
used for data-acquisition. The program ARCS is used as a controlling program during
measurements and for handling and processing the acquired data.

The circular scanner consists of a L-shaped steel/aluminum arm, covered with dampening
material, and a probe. The long end ofthe arm (2.25m) is mounted on an azimuth positioner,
driven by a stepper-motor. The target is placed on a styrofoam column right above the
rotation-axis of the azimuth positioner, with its origin corresponding to this axis. The probe
is mounted at the short end (1. 10m), at the height of the target center, pointing towards the
target coordinate system. Due to this construction, the scan-area (spotlight), Le. the angular
limit of the scanner, is limited about [-75° < <p < 255°]. This agrees with a bistatic angular
range [15° < {3 < 345°] (see Figure 2.7).

For the probe, a flat gain and phase pattern is required over a large aspect angle, since probe
correction was not desired. A probe that meets the necessary specifications is the rectangular
horn with four circularly terminated ridges. The probe, type RF-0800, has its -3 dB points
(vertical polarization) at ± 30° aspect angle and a flat phase characteristic over this angular
region (see Appendix A). The probe is suitable for frequency range 8 GHz < f < 18 GHz.

The power level of the incident wave is constantly kept at +12 dBm which is the maximum
output level af the network analyzer. The average noise level of the measurement system is
at about -80 dBm. All measurement graphs are drawn relatively to the maximum response,
thus creating a normalized graph. A consequence is, that the noise level of each measurement
lies relatively at a different height, which implicates a dependence of the quality of the
measurement result to the maximum amount of retransmitted power. So, an exact comparison
between (PO-)theory and practice is not possible.
The software gating is set at an equivalent length of l.5m, for all measurements in this
report. This is done because all maximum target sizes are within this limit. All measurements
are corrected by background subtraction, as defined in § 1.3.2.

2.3.2 Spotlight method

In this section, the predicted NF data are compared with the NF measurements. The
simulations were done with use of measurement dimensions and conditions.
In the next pages, every situation will be displayed in the following way: A table structured
according to Table 2.1, holds all necessary situation data. The graph holds the simulated data
in a solid line (-), and the measured data in a dashed line (---). All graphs are displayed for
the frequency of 10.5 GHz.
In the graphs the shown azimuth/angle is the bistatic angle {3.
The used targets are described in §1.5. The flat plate will be placed as shown in Figure 2.7.
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The two points will have coordinates (x,y) = (0,0) and (x,y) = (0.354,0.354). The B747
will be placed with its centre of gravity in the origin of the coordinate system. The measured
data of the B747 will not be shown in this chapter but will be used in chapter 4.

Table 2.1

Example of a simulation/measurement table

incident wave type plane (CATR)

polarization vertical/horizontal

target name type

length xx cm

height yy cm

depth zz cm

scanner type spotlight/fixed probe

distance probe xxx m

scanned area ({3/(J) from vvv o

to www o

probe type quadridge (RF-0800)

polarization vertical/horizontal

Table to Figure figno•

In the following sections, the simulations/measurements results will be compared for every
target and every scanning method separately, followed by some comments on the
comparison.
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2.3.2.1 Comparison of the simulated- and measured-NF of the flat plate

Table 2.2

NF simulation

incident wave type plane (CATR)

polarization vertical

target name flat plate

length 100 cm

height 6 cm

depth 3 mm

scanner type spotlight

distance probe 2.00 m

scanned area ({3) from 0 0

to 225 0

probe type quadridge (RF-08oo)

polarization vertical

Table to Figure 2.10

O.

-10.

m
D

-20.

01
ro

-30.L

01
0 -40.--I

-50.
O. 45. 90. 135. 180.

ANGLE (deg)

Figure 2.10: Simulated NF, setup according to Table 2.2.
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Table 2.3

NF simulation/measurement

incident wave type plane (CATR)

polarization vertical

target name flat plate

length 100 cm

height 6cm

depth 3mm

scanner type spotlight

distance probe 2.00 m

scanned area ({3) from 0°

to 90°

probe type quadridge (RF-0800)

polarization vertical

Table to Figure 2.11

O.

-10. -10.

m m
D D

-20.

01 01
to

-30.
to

~ L

01 01
0 -40. 0
-.J -.J

-50. -50.
O. 15. 30. 45. 60. 75. 90.

AZIMUTH (deg)

Figure 2.11: Comparison of simulated NF & measured NF, setup according to Table 2.3.
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Table 2.4

NF simulation/measurement

incident wave type plane (CATR)

polarization vertical

target name flat plate

length 100 cm

height 6 cm

depth 3 mm

scanner type spotlight

distance probe 2.00 m

scanned area ({3) from 45°

to 135°

probe type quadridge (RF-0800)

polarization vertical

Table to Figure 2.12

O. fi O.

-10. - -10.

m ill
D u

-20.

(JI OJ
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-30.
10

>- L

(JI OJ
0 -40. -40. 0
-.l -.l

-50.
50. 75. 90. 105. 120. 135.

ANGLE (de g)

Figure 2.12: Comparison of simulated NF & measured NF, setup according to Table 2.4.
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2.3.2.2 Comparison of the simulated- and measured-NF of two points

Table 2.5

NF simulation

incident wave type plane (CATR)

polarization vertical

target name two points

length 50 cm

height 3cm

depth 2.5 cm

scanner type spotlight

distance probe 2.00 m

scanned area ((3) from 0 0

to 1800

probe type quadridge (RF-0800)

polarization vertical

Table to Figure 2.13

-10.

m
u

-20. -

180.150.120.
(deg)

30.

r
r
l
f--

r
r-
'-

I-
----

-50. -, I I I , I , t I I I I I I I I I I , I I , I I , I I , I I , I I I I

O.

01
lU

-30.2:

01
0 -40.

--.J

Figure 2.13: Simulated NF, setup according to Table 2.5.
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Table 2.6

NF simulation/measurement

incident wave type plane (CATR)

polarization vertical

target name two points

length 50 cm

height 3 cm

depth 2.5 cm

scanner type spotlight

distance probe 2.00 m

scanned area «(3) from 0 0

to 900

probe type quadridge (RF-0800)

polarization vertical

Table to Figure 2.14
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Figure 2.14: Comparison of simulated NF & measured NF, setup according to Table 2.6.
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Table 2.7

NF simulation/measurement

incident wave type plane (CATR)

polarization vertical

target name two points

length 50 cm

height 3 cm

depth 2.5 cm

scanner type spotlight

distance probe 2.00 m

scanned area (~) from 45 0

to 135 0

probe type quadridge (RF-0800)

polarization vertical

Table to Figure 2.15
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Figure 2.15: Comparison of simulated NF & measured NF, setup according to Table 2.7.

29



2.3.3 Fixed probe method

2.3.3.1 Comparison of the simulated- and measured-NF of the flat plate

Table 2.8

NF simulation/measurement

incident wave type plane (CATR)

polarization vertical

target name flat plate

length 100 cm

height 6cm

depth 3 mm

scanner type fixed probe

distance probe 2.00 m

scanned area (8) from -45°

{3 = 45° to 45°

probe . type quadridge (RF-0800)

polarization vertical

Table to Figure 2.16

o. O.
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Figure 2.16: Comparison of simulated NF & measured NF, setup according to Table 2.8.
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Table 2.9

NF simulation/measurement

incident wave type plane (CATR)

polarization vertical

target name flat plate

length 100 cm

height 6 cm

depth 3 mm

scanner type fixed probe

distance probe 2.00 m

scanned area (0) from -45°

{3 = 90° to 45°

probe type quadridge (RF-0800)

polarization vertical

Table to Figure 2.17
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Figure 2.17: Comparison of simulated NF & measured NF, setup according to Table 2.9.
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2.3.3.2 Comparison of the simulated- and measured-NF of two points

Table 2.10

NF simulation/measurement

incident wave type plane (CATR)

polarization vertical

target name two points

length 50 cm

height 3 cm

depth 2.5 cm

scanner type fixed probe

distance probe 2.00 m

scanned area (8) from -45 0

{3 = 45 0 to 45 0

probe type quadridge (RF-0800)

polarization vertical

Table to Figure 2.18
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Figure 2.18: Comparison of simulated NF & measured NF, setup according to Table 2.10.
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Table 2.11

NF simulation/measurement

incident wave type plane (CATR)

polarization vertical

target name two points

length 50cm

height 3 cm

depth 2.5 cm

scanner type fixed probe

distance probe 2.00 m

scanned area (0) from -45°

{3 = 90° to 45°

probe type quadridge (RF-0800)

polarization vertical

Table to Figure 2.19
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Figure 2.19: Comparison of simulated NF & measured NF, setup according to Table 2.11.
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2.3.4 Comments on results of flat plate and two points

Spotlight method

Flat plate (§ 2.3.2.1):

Figure 2.10 shows that the simulated data of the flat plate is symmetrical with regard to {3
= 135 0

• This indicates that the simulations based on equation (2.9) fail for {3 > 135 0
•

The peak at {3 = 90 0 is caused by the fact that () = 45 0 (see Figure 2.7). The incident wave
is a plane wave and because () = 45 0

, the scattered wave in the direction {3 = 90 0 is also
a plane wave, thus maximum response. The flat plate acts like a mirror.
Figure 2.11 and 2.12 show the simulated and measured NF data for 0 < {3 < 90 0 and 45
< {3 < 135 0

• For 60 < {3 < 1100 there is a good agreement between simulation and
measurement. The periodicity of the simulated and measured data agrees well for 0 < {3 <
1100

• The amplitude of the measurements is not the same as that of the simulations for 0 <
{3 < 60 0

• This may be caused by the background subtraction method, because we have used
the frequency-ramp mode at the measurements. Then the subtraction method isn't exact for
lower signal levels. This may also be the reason for the difference between simulated and
measured data at 110 < {3 < 135 0

•

Another reason is that the probe starts to look "directly" at the CATR mirrors for 110 < {3
< 135 0

• This has a negative influence on the background subtraction. Also may be asked
if the PO method is useful for {3 =:: 135 0 (when () = 45 0).

Two points (§ 2.3.2.2):

Figure 2.13 shows that the simulation data of the two points is also symmetrical with regard
to {3 = 135 0

• This means that formula (2.10) is not usable for {3 > 135 0
•

Figure 2.14 and 2.15 show a good agreement between simulation and measurement. The
periodicity agrees very good for 0 < {3 < 100 0

• Also the difference of amplitude between
simulations and measurements is not larger than 2 dB in the angular region 20 < {3 < 1000

•

At {3 > 1000 the probe starts to look "directly" at the CATR mirror. There isn't much
agreement in the region {3 > 1100

• We must take into account that the scattering levels of
two points are much lower than those of the flat plate. The noise- and the scatter-levels come
closer, so the background subtraction will be less useful.

Fixed probe method

Flat plate (§ 2.3.3.1):

Figure 2.16 and 2.17 show a very good agreement between simulation and measurement for
probe at {3 = 45 0 and {3 = 900

• Also the periodicity is nearly the same. Thus may be
concluded that the simulation program BALKVV predicts data which agree very well with
the measured data.

34



Two points (§ 2.3.3.2):

Also Figure 2.18 and 2.19 show a very good agreement between simulation and measurement
for probe at {3 = 45° and {3 = 90°. The amplitude and periodicity agree exceptional well,
so the simulation program MS_MF predicts also data which agree very well with the
measured data.

2.3.5 Forward scattering

For the flat plate the NF-RCS is measured in the spotlight mode with 0 < {3 < 360°. This
was possible because the flat plate was hanging on thin wires. In Figure 2.20, the RCS is
shown for 20 frequencies.
This measurement shows two peaks, one at {3 = 90° and one at {3 = 180°. The fact that the
two peaks look almost the same indicates that the peak at {3 = 180° is due to Babinet's
principle (see §2.1). We can also see that there are no other peaks in the region 180 < {3
360°.

35



Table 2.12

NF measurement

incident wave type plane (CATR)

polarization vertical

target name flat plate

length 100 cm

height 6cm

depth 3 mm

scanner type spotlight

distance probe 2.00 m

scanned area ({j) from 0 0

to 360 0

probe type quadridge (RF-0800)

polarization vertical

Table to Figure 2.20

12.

FREOUENCY (GHz)

10.

9.

O.
., \'ll-llll---------1-10 .

-20.

-30.

-40.
-50.
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90.

O.
-10.

-20.
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-40.

-50. ).l.-.-'-_--.-_~~...,.........~_--.._~~~
O.

Log Mag (dB )

Figure 2.20: NF measurement of flat plate, setup according to Table 2.12.
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3 Near-Field/Far-Field transformation

Radar Cross Section engineers often find it necessary or convenient to make anechoic
chamber measurements in the near-field of their targets. In the near zone, a RCS pattern of
a target will vary with R and may differ from the same pattern measured in the far zone.
It is often desirable to determine far-field RCS from measurements made in the radiating
near-field region. Therefore, the measured near-field data has to be numerically processed,
thus creating a near-field to far-field transformation.

3.1 NF/FF transformation for spotlight method

3.1.1 NF/FF transformation based on Lorentz-Larmor

In order to transform simulated/measured near-field data to the far field, use can be made
of the Lorentz-Larmor integration formulas (2.4) and (2.5). Certain approximations can be
made, evolving from far-field conditions.
According to [Bal,82] and [Jeu,88], in the far-field the following rules may be applied (see
Figure 2.7):

- terms O(1/r) == 0

The transformation is based on the original Lorentz-Larmor formula (2.4) of the E-field:

From these conditions, far-field approximations for the vector calculations can be made.
Again, vacuum conditions are assumed, as in chapter 2.

Vr X -+ -jkfX

-jkr. - '/cr
~ -+~ eik(r'ef)

ro r
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= -jke -jkr r x1Un x E (r/)] - r x [n x z- iT (r/)]} eik(r'. f)dS
4~r a ~·a

1

(3.5)

With: ~
o

Zo = - = 120~ (0)
EO

Zo is the free space impedance. For the E- and H-field equations (3.6) and (3.7) apply:

Thus:

- -
E = Zof/xr

- -r x E = r x [Zof/ x r]
- -

= Zof/ - r(r· Zcfl)

(3.6)

(3.7)

- - -
In the far-field region, both E and H are perpendicular to r ,so r(r· Zcfl) = O.

(3.8)

- -
~Zof/=rxE

Substituting this into equation (3.5) gives:

Ea<"r) = -jke -jkr r x 1Un x Eir/)] -r x [n x r x Ea(r/)]} eik(r'. r)dS (3.9)
4~r

1

Equation (3.9) will be refered to as the Far-Field Lorentz-Larmor formula. This is the basic
equation for the electric fields in the far-field of a current, induced by an electromagnetic
field, incident on a target.

For the spotlight method, the transformation of the simulated/measured near-field data to the
far-field can be cosidered to be composed of a number of cylindrical waves, each of them
travelling in the same horizontal plane [Smu,87], [Bro,61]. Hereby, the cylindrical waves
originate on the simulation/measurement position curve in the near-field. The surface
currents, induced by these incident fields, function as line sources in the ez direction. This
situation is shown in Figure 3.1.
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---------- ....

Figure 3.1: Transformation for spotlight
method.

In Figure 3.1 applies: ,,' = " - "0 .
For this coordinate system, the foIlowing relations between the vectors, as shown in Figure
3.1, can be derived:

For VV-polarization the E-field is aimed in the direction of the z-axis:

E(r') = £("'). ez

Using this in equation (3.9), equation (3.10) is found:

Developing the cross-products, the next expressions evolve:

=ez
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and:

(3.12)

The results of equations (3.11) and (3.12) substituted into (3.10) give for VV-polarization:

'k -jkr
= -J eel(-1 +cos8) E(i') eikacosOdS

41rr z
1

with 51 is the scan area.

3.1.2 NF/FF transformation based on Bennett et al.

(3.13)

There is already a NF/FF transformation program, called CYLFFC, which is based on the
theory of Bennett et al .. According to [Bro,61], the tangential field radiated by an antenna
can be written as a summation of Hankel modes:

with:

r,c/>

D

no
E(r,c/» = L anH~2)(kr)ein<l>

n=-no

= cylinder coordinates of any point outside the antenna

= amplitude coefficient of the n-th cylindrical wave

= Hankel function of second kind, order n

=kD

= diameter of target

(3.14)

Its mode spectrum is found by writing equation (3.14) as a Fourier integral:
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11"

a"H?) = 217r JE(r,cf»e-jncbdcf>
-11"

(3.15)

Data is obtained by a single rotation in azimuth at the near-field distance a (see Figure 3.1)
and the field is predicted at a distance b in the far-field.
In the approach of Bennett et al. [Ben,82], the concept of plane wave synthesis is used. A
suitable array of weighting coefficients must be defined such that if this array is realized
physically, plane waves are generated in the far zone.
The ratio between the far-field and the near-field mode spectrum can be written as:

Transformation to the angle domain gives:

no
W(cf» ~ _1 L w(n)e-jncb

27r n=-no

(3.16)

(3.17)

If a distribution of line sources on the near-field surface is weighted according to W(cf», a
plane wave region will be created around the origin of the corresponding coordinate system.
The field at distance b is then found by a correlation process [Ben,82]:

11"

E(b,cf» = JW(cf»E(a,y;+cf»dy;
-11"

= W(cf» ® E(a,cf» (3.18)

If the far-field distance is taken as infinity, the coefficients w(n) cannot be determined from
equation (3.16) because Hankel functions with infinite argument equal zero for any order.
Therefore, equation (3.17) is modified to:

no
W(cf» = _1 L w(n) e-jncb

27r n=-no w(O)
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where: (3.20)

The large argument approximation for Hankel functions has been used:

(2) r;r j(-kr+!.) jn!.
H (kb) = _ e 4 e 2

n 7fkr
(3.21)

An advantage of the approach of Bennett et al. is that the weighting coefficients are
independent of the target/antenna and can therefore be precalculated.

The program CYLFFC is based on the approach of Bennett et al., and will be used on behalf
of this report to transform the near-field data to the far-field. The program CYLFFC has one
disadvantage: This program cannot handle more than 20 frequencies. The NF/FF
transformation program CRAFT can handle upto 201 frequencies, and is also based on the
approach of Bennett et al ..

3.2 NF/FF transformation for fixed probe method

Now we will try to find a NF/FF transformation for the fixed probe method. Let's look at
Figure 3.1 and equation (3.13) (Spotlight method). We see that for every (4) is variable) far
field point will be integrated over all near-field data points on scan area SI'

At the fixed probe method, the probe is fixed, so 4> is a constant. This means that at a fixed
probe simulation/measurement, data is gathered only for one 4>-point (the target rotates, thus
only () is variable). A NF/FF transformation (equation (3.9» requires NF-data of all 4>-points
on scan area S1.

Thus, if we want to use a NF/FF transformation for the fixed probe method, we have to
gather data of all 4>-points. Then we need a combination of fixed probe and spotlight to get
NF-data, to be able to transform "fixed probe" data to the far-field.
Hereby is demonstrated that it is not possible to transform authentic (only one 4» fixed probe
NF-data to the far-field. So CYLFFC and CRAFT are not usable for the fixed probe method.

3.3 Comparison of transformed simulated NF and transformed measured
NF for spotlight method

In this section, for the spotlight method, the transformed predicted NF data are compared
with the transformed NF measurements. In the next pages, the far-field versions of Figures
2.10 through 2.15 and 2.20 will be displayed. Here the graph also holds the transformed
simulated data in a solid line (-) and the transformed data in a dashed line (---). All graphs
are displayed for the frequency of 10.5 GHz.
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3.3.1 Flat plate
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Figure 3.2: Transformed simulated NF of Figure 2.10, setup according to Table 2.2.
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Figure 3.3: Comparison of transformed simulated NF & transformed measured NF of Figure
2.11, setup according to Table 2.3.
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Figure 3.4: Comparison of transformed simulated NF & transformed measured NF of figure
2.12, setup according to Table 2.40
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Figure 3.5: Transformed NF measurement (Figure 2.20) of flat plate, setup according to
Table 2.12.
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3.3.2 Two points
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Figure 3.6: Transformed simulated NF of Figure 2.13, setup according to Table 2.5.
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Figure 3.7: Comparison of transformed simulated NF & transformed measured NF of Figure
2.14, setup according to Table 2.6.
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Figure 3.8: Comparison of transformed simulated NF & transformed measured NF of Figure
2.15, setup according to Table 2.7.

3.3.3 Comments on results of flat plate and two points

Flat plate (§ 3.3.1):

Figure 3.2 shows too that the simulated data of the flat plate is symmetrical with regard to
{3 = 135 0

• In the neighbourhood of {3 = 90°, we see that the pattern equals a sinc-function.
This is caused by the fact that () = 45°, so in the direction of {3 = 90° we have a plane wave
(equiphase) :::::> uniform radiation. A characteristic of uniform radiation is that you get a sinc
function in the far-field.
For example: The radiation-pattern of an uniformly irradiated aperture is a sinc-function;
characterized by the first sidelobe at -13.2 dB, when the mainlobe is at 0 dB.

It can also be seen that when you transform over a NF-angular range <p, the predicted far
field is valid for a FF angular range < <p. In Figure 3.2 we see that the far-field is valid in
the angular range 25 < {3 < 200° (NF angular range was 0 < (3 225°).

In Figures 3.3 and 3.4 we see a good agreement between transformed simulated- and
measured-NF in the angular range 20 < {3 < 115°. The periodicity agrees very well in this
range.

In Figure 3.5 we see a "sinc-function-like" peak at {3 = 90° and {3 = 180°. The fact that
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they look like a sine-function indicates that there must be a plane wave in the direction {3 =
90° and {3 = 180° (in the far-field).
This can only be due to "uniform radiation" of the flat plate in those directions, so Babinet
seems to be right.

Two points (§ 3.3.2)

Also Figure 3.6 shows that the transformed simulated data of the two points is symmetrical
with regard to {3 = 135°.
It can be concluded that when (J = 45° (flat plate) or when (J = 0 0 (two points) the
simulation-equations (2.9) and (2.10) are only valid in the angular region 0 < {3 < 135 0

•

In Figures 3.7 and 3.8 we see also a good agreement between transformed simulated- and
measured-NF in the angular range 10 < {3 < 110°. The periodicity agrees very well in this
range.
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4 Bistatic ISAR imaging

4.1 Imaging

Radar imaging has become one of the most useful measurement tools for understanding and
analyzing electromagnetic scattering from complex targets. Radar imaging measurements in
down-range and cross-range can be made by any measurement system that can make coherent
amplitude and phase measurements as a function of frequency and target rotation. One of the
newest concepts using these techniques is the compact range. The compact range is gaining
quick acceptance because of the secure controlled environment, no dependence on weather
and the ability to image targets. Radar image measurements can be obtained by any system
which can make swept-frequency measurements coupled with target/probe rotation.

4.1.1 ISAR theory

A radar image is defined as the spatial distibution of reflectivity corresponding to the object.
An image is obtained by means of resolution in down-range and cross-range. The techniques
for each require distinct approaches and to a first order of approximation are independent of
each other. Resolution is defined as the ability to distinguish closely-spaced scatterers.
An image shows the position and magnitude of the reflection of electromagnetic energy as
a function of two spatial coordinates: down-range and cross-range. The resolution of an
image increases when the aperture of the instrument is increased. For example, the resolution
of a telescope increases with its diameter. If the diameter of an antenna increases, the beam
will become more narrow.
An image of a radar object, or target, can be obtained by scanning a narrow beam across it
and recording the intensity of the reflected energy as a function of azimuth angle and
frequency. A narrow beam necessitates a large aperture, thus a large antenna. Such a large
aperture can also be created synthetically by moving a small antenna over a large surface and
processing the data. This is called Synthetic Aperture Radar (SAR) imaging. Instead of
moving the radar system around a fixed target, it is also possible to rotate the target and keep
the radar system in a fixed position. This is called ISAR: Inverse Synthetic Aperture Radar.
On behalf of this report we will make use of ISAR imaging. In this section, the theory of
monostatic ISAR imaging will be described. This report focuses on 2-dimensional (2-D) radar
images obtained by processing data from RCS-measurements (Chapter 2 & 3), in which the
2-D space is spanned by down-range and cross-range. In Figure 4.1 the monostatic ISAR
configuration is shown.

The target is considered to be composed of scatterers, which are distributed in three
dimensions according to a 3-D reflectivity density function g(x,y,z). Because we are dealing
with 2-D imaging, we are not concerned with the z-coordinate, so we will measure the 2-D
reflectivity density function g(x,y), with:

00

g(x,y) = f g(x,y,z)dz
-00
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y

Figure 4.1: The monostatic ISAR configuration

The v-coordinate is called down-range; the u-coordinate is called cross-range. In Figure 4.1,
R is assumed to be large, so the EM field caused by the radar transmitter (Tx) will be a
plane wave at the target, and the EM field caused by the scattering of the target will be a
plane wave at the radar receiver (Rx). This can be obtained by making use of a Compact
Range.

For a given aspect angle () and fixed v, the measured signal is:

p(v,()) ex fgiu,v)du
-0:>

where:

go(u, v) = g(x,y)

with:

u = x cos () - y sin ()
v = x sin () + y cos ()

(4.2)

(4.3)

(4.4)

Equation (4.2) denotes that the signals from a given down-range cell all add in phase. For
a given cross-range cell, the phase is a function of the down-range: at down-range v, the
phase is (27r/"A) * 2v.
To obtain the total received signal, p(v,()) should be integrated along the v-axis:
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co .4'7rfv
Gif,O) ex: Jp(v,O)e-J-c dv

-co

With equation (4.2) follows:

co co .4'!fv

Gif,O) ex: JJgO(u,v)e-
J

-
C dudv

-oo-CD

With equations (4.3) and (4.4), equation (4.6) can be written as:

co co 4'7rf
Gif,O) ex: JJg(x,y)e -jc~sinO+ycos8)dxdy

-00-00

We define two new variables fx and fy:

f. = 2fsinO
x c

f = 2fcosO
Y c

This yields:

co co

Gifx,f) ex: JJg(x,y)e-j2'7rlJ,x +f,Y) dxdy
-00-00

(4.5)

(4.6)

(4.7)

(4.8)

(4.9)

Equation (4.9) is expressed as a 2-D Fourier transform. The inverse Fourier transform is
given in equation (4.10):

co co

g(x,y) ex: JJGifx~) ei21f lJ,x+f,Y) df..cd~
-(»-0)

G(fx,fy) and g(x,y) constitute a 2-D Fourier transform pair:

g(x ,y) - G(f..c ,~)

(4.10)

(4.11)

in which g(x,y) is the spatial function and G(fufy) is the corresponding spatial spectrum.
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In Figure 4.2 the transformation of (f,O) to (fx,fy) is explained.

£ y

2£-c

£
x

o

Figure 4.2: Relation between (f,O) and (fx,fy)

With Figure 4.2 follows:

Gct'x,J) = G(f,O)

and:

"" GO

g(x,y) ex JI G(f,O)l!21rif.X+f,Y)df.d~
-0)-0)

CD

= IH(Y,O)l!21r!..r:df.
-GO

(4.12)

(4.13)

(4.14)

(4.15)

In the RCS measurements (Chapter 2 & 3) the complex values G(f,O) are recorded. To make
an image we have to obtain g(x,y). Therefore we use the following procedure:

1. Process G(f,O) by an inverse discrete Fourier transform (IDFT), which yields H(y,O):

CD

H(y,O) = I G(f,O)l!21rf,Yd~
-CD

Then the signal has been processed to down-range.
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2. Process H(y,O) by an IDFT, according to equation (4.15). Now the signal has been
processed to cross-range.

From equation (4.9) we can conclude that, if we take data points on a rectangular grid in the
(fufy) domain, we can directly obtain g(x,y) from these data by means of a Fourier
transform. Then we have to adjust the frequency and the aspect angle at every point,
according to the equations:

O Ix= arctan-
1;

(4.17)

In the measurements (Chapter 2 & 3) the frequency is varied at fixed aspect angles. In that
case the gathered data points do not form a rectangular grid, but a polar grid. Lines of
constant frequency f are circles with radius 2f/c in the (fx,fy) domain and lines of constant
aspect angle are straight lines through (0,0) as shown in Figure 4.3.

f y

fx -------=-'-----

Figure 4.3: Measured data points in (fufy) domain

The frequency span (bandwidth) is denoted by B and the total aspect-angle span is denoted
bye.

Narrow-angle approximation (unfocused imaging)

If the total aspect-angle span is small, we can apply the following approximations:

sinO = 0

cosO = 1
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If the bandwidth B is small, compared to centre frequency fo, thus lif ~ 1 ,we obtain:
10

f = 10+ lif

These approximations yield:

lif=fo(l +-) = 10
10

Ix := 210 ()
c

1;=
2f
c

(4.19)

(4.20)

28-c!f-- -

.... ~
2fo9
-c-

Now lines of constant frequency are lines of constant fy; lines of constant aspect angle are
lines of constant fxo Therefore we have a rectangular grid in (fx,fy) coordinates. This is
illustrated in Figure 4.4.

fy

fx

Figure 4.4: Approximated data points in (fx,fy) domain

To obtain g(x,y) from G(f,(), the following procedure is required:

1. An IDFT from frequency to down-range, followed by:

2. An IDFT from aspect angle to cross-range.

Since () varies over 8 and f varies over B, the measured interval in fy is 2B/c and the
measured interval in fx is 2f08/c.

The down-range cell size Pd can be derived from the total fy-interval. By Fourier transform
definition, Pd is the reciprocal of this interval:
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C
Pd =

2B

The cross-range cell size Pc is determined analogously:

c
Pc = 2f

0
8

(4.21)

(4.22)

Due to the approximations, unfocused imaging is not exact and some errors are introduced.
If the aspect-angle span and/or the bandwidth increase, the errors will also increase.

The image-size after transformation is determined by the cell size and by the number of cells.
Dd is the size of the image in the down-range dimension, Nd is the number of down-range
cells. Then:

c--
2f1f

(4.23)

For the cross-range dimension, Dc is the image size and Nc is the number of cross-range
cells.

c
8

2fo(-)
Nc

=_c_
2fof1()

(4.24)

f1f and f1() are the frequency and aspect-angle step sizes, respectively. The resolution is for
both ranges dependent on the kind of window used for the DFT processing. For the normal
window, which is used for all images in this report, the resolution in down-range is defined
according to [Mar,89]:

and analogously, the resolution in cross-range is found from:

resc = 1.99999pc
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Exact imaging (focused imaging) [Gov,92]:

An exact image can be obtained if the available data points are interpolated to obtain the
desired (fx,fy) data points. However, there is a disadvantage, namely the interpolation will
cause less resolution than with unfocused imaging. But, in contrast to unfocused imaging,
this focused imaging method will result in exact images. Figure 4.5 shows the positions of
the available data points and the desired points that constitute the required rectangular grid.

f
y

• me'Jsured cJCJla vuint

+ desired dillil "oinl

f
x

Figure 4.5: Interpolation from polar to rectangular grid.

Because it is generally desired that resolution in down-range equals resolution in cross-range,
it is wanted that the obtained rectangle is transformed to a square (see Figure 4.5). Then the
cell sizes should be of equal magnitude which yields [Mar,89]:

5c
Pd = Pc = ----~===::- (4.27)

if the frequency domain is spanned by [fmin ~ f < fmax]. The image size can be obtained
by multiplying equation (4.27) with the number of cells Nd =Nc and the resolution can be
found from the equations (4.25) and (4.26), if a normal window is used. The requirement
of equal resolution can be obtained by adjusting the frequency domain used for imaging.

All images presented in this report are obtained by focused imaging.

4.1.2 Equivalence theorem

The previous section dealt with monostatic ISAR imaging. In this report we make use of
bistatic RCS measurements. Now we have to find out if it is possible to make images of
bistatic RCS measurements by means of a monostatic ISAR imaging program. On behalf of
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this report we make use of the program IMAGE which is enclosed in the measurement
program ARCS. Figure 4.6 shows the monostatic and bistatic radar configurations.

Figure 4.6: Monostatic and bistatic radar configurations.

In order to compare the monostatic and the bistatic case, consider a point object with
coordinates (r,¢) observed by monostatic and bistatic radars located at large equal distances
Ro and aspect angle () as shown in Figure 4.6. The transmitter and receiver of the bistatic
radar are symmetrically displaced from the monostatic radar axis by the angle {3/2, where (3
is the bistatic angle which lies in the plane of the object. As the angle () is varied, the phase
of the signals received by the radars will vary due to the changing round trip distance.
According to [Men,91] the complex envelope of signals received as a function of the angle
for the monostatic case is:

and for the bistatic case:

4".R" 2". P P
-j---r j T(rcos(8-<t>+"!)+rcos(8-<t>-.,;»

Gi() = e e

(4.28)

(4.29)

Applying the trigoniometric identity cos(A+B) + cos(A-B) = 2 cos(A)cos(B) to equation
(4.29) results in:
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-j~ j:;[2rCOS(~)COS(8-4»J
GB(O) == e e (4.30)

Comparison of equations (4.28) and (4.30) shows that the variable parts of the complex
envelope have identical forms with exception of the factor cos(f3/2). This indicates that results
of measurements with a bistatic angle (3 are equivalent to results that would be obtained with
a monostatic geometry using a wavelength A/COS({3/2). Thus a bistatic measurement at
frequency f is equivalent to a monostatic measurement (at bisector (3/2) at frequency
f*cos({3/2).

y

"- y'

"-
/

/

-<] ~ xRXB

/
"---L ,
x'

/> ~
TXM

RXM
(TxB

Figure 4.7: Monostatic and bistatic radar configuration.

So, if we make a bistatic ISAR image based on a measurement with bandwidth B, it could
be obtained as a monostatic ISAR image at the bisector ((3/2) based on a measurement with
bandwidth B*cos({3/2).

For example:

In Figure 4.7 a bistatic situation is shown with bistatic angle {3 = 90° (fixed probe method).
The cross-range is the x-direction and the down-range is the y-direction. An ISAR image of
this bistatic RCS measurement could be obtained as a monostatic image at the bisector: {3/2
= 45 0

• This means that the new "monostatic" cross-range is the x' -direction and the new
"monostatic" down-range is the y'-direction.
Thus if we carry out a bistatic measurement with for example a B747 model flying with its
nose in the direction {3/2 = 45°, we expect that in the ISAR image the B747 is "flying" in
the negative direction of the new "monostatic" down-range (-y').
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4.1.3 ,3-dependence of image size

In the previous section it is shown that a bistatic measurement at frequency f can be obtained
as a monostatic measurement at frequency f*cos(I3/2). According to equations (4.23) and
(4.24) the image sizes Dd and Dc are inversely proportional to the frequency. But the image
program (IMAGE doesn't "know" that it has to calculate the image for the frequency
f*cos(l3l2) , thus the frequency f used for calculation is a factor (l/cos(I3/2» higher than
wanted. This means that the image-sizes Dd and Dc are a factor cos(I3/2) smaller than
wanted, so the image size "decreases" by a factor cos(I3I2).

4.2 Spotlight method

In this section images will be shown which are based on the spotlight method simulations and
measurements of chapter 2 and 3. Section 4.2.1 and 4.2.2 are dealing with FF images of the
flat plate and two points respectively. The simulated results will be shown on the left (even)
pages and the measured results on the right (odd) pages for center bistatic angles 13 = 45°,
13 = 90° and 13 = 112.5°.
The figure on each page will consist of four parts. Part a will show the simulated/measured
transformed RCS. Part b indicates "how to look at" the bistatic image. Part c and d show the
contour- and 3-D image respectively. In §4.2.1 also the FF images of the RCS of Figure 3.5
are displayed for 13 = 90° and 13 = 180°.
Section 4.2.3 is dealing with FF images based on measurements of the B747 model. Figure
4.22 and 4.23 show the images for the center bistatic angle 13 = 180°, Le. forward
scattering. On behalf of Figure 4.22 and 4.23 the B747 is "flying" in the direction of the
CATR (i.e. negative down-range direction) and in the direction of negative cross-range (13
= 90°) respectively.
Figure 4.24 and 4.25 show the contour- and 3-D NF images of the B747 model "flying" with
its nose in the direction of the halfcenter bistatic angle (1312). A kind of "movie" shows the
images for the center bistatic angle: 13 = 50, 60, 70, 80, 90, 100, 110 and 120°. These
measurements are carried out with probe type: A6100, Rev.E (General Instrument). This
probe is more directive than the probe-type RF-0800.
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4.2.2 Images of two points
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4.2.3 Images of the B747 model
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4.2.4 Comments on spotlight images

Flat plate:

In Figure 4.8 to 4.13 the cross-range is displayed from 0.5 to -0.5m instead of -0.5 to 0.5m
to get agreement between figure parts b and c. This is caused by the fact that for the
measurements and simulations applies: positive rotation is clockwise oriented and for the
IMAGE program applies: positive rotation is counter-clockwise oriented (mathematical
definition).
Figure 4.8c, 4.9c, 4.12c and 4.13c show the ends of the flat plate. In Figure 4.9d and 4.13d
the amplitude of the scattering is not the same for both ends. This may be caused by the
different round trip distance of the scattering of the ends.
Figure 4.lOc and Figure 4.11c display a "real" bar, because in the direction {3=90°, the
scattered wave is still a plane wave. These figures show too that the image size decreases if
the bistatic angle increases. There is a good agreement between the "simulated" and the
"measured" images.
In Figure 4.14 and 4.15 appears that Babinet's principle is valid for forward scattering.

Two points:

In Figure 4.16 to 4.21 the cross-range is also displayed from 0.5 to -0.5m. The "simulated"
and "measured" images agree well. Again the reduction of the image size as a function of
the bistatic angle can be seen.

B747:

Figure 4.22 and 4.23 show images for the forward scattering case (Babinet). The images are
only valid for the plane, down-range = 0, perpendicular to the down-range, because there
is no phase-information. The phase is only dependent of the distance between CATR and
probe and not of the target. So the image is only "dependent" of the section of the target
projected on the plane perpendicular to the down-range. The info of the image is only valid
for down-range = O. The "position" of the target is known because we have used a
calibration method, so we know in the time domain, and thus in the down-range domain,
where the target is.
In Figure 4.22a,b,c one can clearly see the four engines and the fuselage of the B747. In
Figure 4.23b it can be seen that the tail "scatters" (shadows) more than the rest of the
airplane in forward ({3=180 0

) direction.

Figure 4.24 and 4.25 display in a "movie" how the image depends on {3 if the B747 is
"flying" in the direction {312. It shows that the image decreases if {3 increases. It can also be
seen that the image inclines if {3 increases. This is probably caused by the program IMAGE.
This program is designed for monostatic ISAR. At the spotlight method the data is obtained
in an "other" coordinate-system as at monostatic ISAR, so the data will be interpolated to a
rectangular coordinate-system by a wrong correction algorithm. Therefore this bistatic image
may not be compared with monostatic ISAR images.
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4.3 Fixed probe method

In this section images will be shown which are based on the fixed probe method simulations
and measurements of chapter 2 and 3.
Section 4.3.1 and 4.3.2 are dealing with simulated FF images and measured NF images of
the flat plate and two points respectively. The images will be displayed in the same way as
in section 4.2.

Section 4.3.3 shows the NF images of the B747 model for the bistatic angles: {3 = 30, 45,
90 and 112.5°. Hereby the B747 was "flying" with its nose in the direction of (312, so the
images can be compared to monostatic images with B747 "flying" in negative down-range
direction.
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4.3.1 Images of the flat plate
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Figure 4.26b: Config. of image, (3 =45°.
BA45TFF.RPI
vv

~

25E

0W ':'
l')
Z O.
<!
IT
I

Z
3::
0 -.25
0

Log Mag (dB)
Max: -~9.8015

--- -50.00
--------- -52.00
- - - -5~.00

_.- -56.00
----- -58.00
......... -60.00

Figure 4.26c: Contour image of flat plate, {3=45°.

Log Mag (dBI
Max: -~9.BOI5

-.25

DONN-RANGE Iml.5 -.5

,.t-------------l-50.

,+--------------1-55.

-60.
.5

-~O.

,+--------------I-~5.

O. .25
CROSS-RANGE 1m)

-.25

-55.

-60.
-.5

-50.

-~o.

-~5.

Figure 4.26d: 3-D image of flat plate, {3=45°.

80



-10.

m
1J -20.

g -30.
~

g -40.
.J

d

I
d'

I
.........

I.......

Rx

c

-50. L...L::-L...L..J....J...J.--'-L....L...L.1....1-.L...L..~~
-45. O. 45.

AZIMUTH (deg)

Figure 4.27a: Measured NF of flat plate.
.5

Figure 4.27b: Config. of image, {3=45°.
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Figure 4.28b: Config. of image, {3 =90 0
•

BA90TFF.RPI
VV

E .25

w
~

~ o.
r.r
I
z
~

o -.25
o

Log Mag (dB)
Max: -27.2642

--- -2B.00

--------- -30.00
- - - -32.00
-.- -34.00
--------- -36.00
......... -3B.00

Figure 4.28c: Contour image of flat plate, {3=90°.

Log Mag (dB)
Max: -27.2642

-.25
DOHN-RANGE (m)

\ .....-----1-45.

-50.
.5

.5 -.5

,-r---------------,-30.

,./-------------1-35.

1~------___...\--------l-40.

O. .25
CROSS-RANGE (m)

-.25

-30.

-35.

-AO.

-45.

-50.
-.5

Figure 4.28d: 3-D image of flat plate, {3=90°.

82



d

c

/

Rx
-<J

/
d'

-10.

[D
U -20.

~ -30.
::E

g -dO .

.J

- 50. ~L,...l....;L...J....L...J....'-:'-L...J....L-L-L-L-,,"=-,
-d5. O. d5.

AZIMUTH (deg)

c'

Figure 4.29a: Measured NF of flat plate.
.5

Figure 4.29b: Config. of image, 13 =90°.
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Figure 4.33b: Config. of image, {3=45° .
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4.3.3 Images of the B747 model
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4.3.4 Comments on fixed probe images

Flat plate:

Figure 4.26c, 4.27c, 4.30c and 4.31c show the ends of the flat plate. In Figure 4.27d and
4.31d the amplitude of the scattering is not the same for both ends, caused by the different
round trip distance of the scattering of the ends. Figure 4.28c and 4.29c display a "real" bar.
The figures show that the image size decreases exactly by a factor cos((3/2) if (3 increases.
Figure 4.26c, 4.28c and 4.30c are simulated FF images. It is shown in §3.2 that NF fixed
probe data cannot be transformed to the Far Field. These figures show that images of FF
(simulated or measured) fixed probe data are possible.
It is notable that in these figures the images are displayed about O.06m "lower" in down
range. This may be caused by the simulation program.
Figure 4.27c, 4.29c and 4.31c are measured NF images.

Two points:

The simulated FF images and measured NF images agree well. Also here it is notable that
in Figure 4.32c, 4.34c and 4.36c the simulated FF images are displayed about O.06m
"lower" in down-range. In these figures also the effect of the different round trip distance
for the points can be seen in the amplitude of their responses. Again the image size decreases
exactly by a factor cos((3/2) if (3 increases.

B747:

Figure 4.38 to 4.41 show that it is allowed to apply the equivalence theorem at (ISAR)
imaging fixed probe data. At the measurements the B747 was placed with its nose in the
direction of (3/2. In these bistatic images the B747 is "flying" in the direction of negative
down-range, which may be compared to the monostatic case where the B747 is "flying" in
the direction of the CATR-mirrors (i.e. negative down-range).
It can be seen that the image size decreases exactly by a factor cos((3/2), also for complex
targets like a B747.
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Conclusions & recommendations

Conclusions

The NF-data of the flat plate and two points, simulated by means of the programs BALKVV
and MS_MF, agree well with the measured NF-data in the bistatic angle-range 0 < {3 <
110° (spotlight method). The results obtained by the fixed probe method, agree very well.
In the configuration of Figure 2.7 and 2.8, the results of these programs are not valid in the
angular range {3 > 135°.

At forward scattering ({3 =:: 180°), the measured spotlight results agree with Babinet's
principle.

Near-Field data obtained by the spotlight method can be transformed to the Far-Field using
the NF/FF transformation program CYLFFC. NF-data obtained by the fixed probe method
can not be transformed to the Far-Field.

The transformed NF-simulations and -measurements (spotlight method) agree well in the
bistatic angle-range 25 < (3 < 110°.

The equivalence theorem is a useful tool to trace "how to look" at bistatic images. According
to the equivalence theorem, the image size will decrease by a factor cos({312). The bistatic
image can be seen as a monostatic image in a new cartesian coordinate system with the new
down-range coincident with the bisector (3/2.

At the spotlight images, the (FF) image size does not decrease exactly by a factor cos({3/2).
This is due to the program IMAGE which has been written for monostatic ISAR images. The
NF images of the (complex shape) B747 model are difficult to interpret when (3 increases.

At the fixed probe method the (NF) image size decreases exactly by a factor cos({312), even
at the B747 images.

The images obtained by simulation and measurement of the flat plate and two points agree
very well, both at spotlight method and at fixed probe method. Thus it is possible to 'predict'
the NF (fixed probe) or FF (spotlight) image of simple shapes like a flat plate or two points.

Recommendations

The program IMAGE can be adapted for the spotlight data: A new conversion of the polar
(spotlight) coordinate system to the cartesian coordinate system is needed.

The simulated/measured frequency data can be 'increased' by a factor 1I(cos({312». Then the
image size will be the "real" size.

The spotlight method is a useful tool to obtain bistatic scattering info of absorber-material.
This info can be transformed to the Far-Field.
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Appendix A

Gain & phase pattern of the quadridge probe RF-0800
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Figure A.l: Gain pattern of rectangular quadridge waveguide probe,VV.
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Figure A.2: Phase pattern of rectangular quadridge waveguide probe, VV.
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