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ABSTRACT 

In this report, an extensive analysis is presented on the 

determination of Radar Cross Section (RCS) using two types of indoor 

measurement ranges. The first type Is the dual-reflector Compact 

Antenna Test Range (CATR) where far-field conditions are created at a 

relatively short distance. In this case. the purity of the plane wave 

across the test zone is degraded due to some unwanted effects, such as 

direct radiation from the feed and multiple reflections. An 

algorithmic procedure is implemented to compensate for the nonplanar 

illuminating fields, the attention is hereby focused on the 

determination of the absolute RCS in dBsm values. 

The second type of indoor range considered is the single-plane 

collimating range (SPCR). The target is, in this case, illuminated by 

a cylindrical wave giving very considerable phase deviations across 

the target in one direction. As the ultimate interest is the far-zone 

RCS, an extrapolation algorithm must be applied. For this purpose, the 

possible implementation of the algorithmic procedure used with CATR 

measurements to compensate for the unwanted effects caused by 

nonplanar illuminating waves is analyzed. The analysis is initiated 

with an elementary case where a one-dimensional target is considered 

and the analysis is gradually extended to an arbitrary two-dimensional 

target consisting of point sources. Limitations inherent in the 

measurement technique and processing effort are derived. The 

implications of measuring in the near zone and of the extrapolation 

procedure on the ISAR imaging process are discussed as well. 

Numerical evaluation based on the theoretical outline show good 

agreement with measurements conducted at the ElectroMagnetic Anechoic 

Chamber (EMAC) at the Arizona State University. 
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1. INTRODUCTION 

Radar cross section (ReS) measurements which are intended to obtain 

information on the electromagnetic scattering properties of an object 

are closely allied with antenna measurements. An essential difference 

is the fact that the scattering pattern of a target not only depends 

on the electromagnetic field that illuminates it, but also on the 

physical characteristics of the target. Therefore, Res measurements 

not only require plane-wave illuminatIon but also the scattered field 

to be measured when the target is at a far-field dIstance. 

On outdoor measurement ranges, the separation between the target and 

the radar system must be sufficiently great, that is. the far-field 

requirement must be met. In addition to the fact that a 

low-disturbance environment has to be provided for, the inconsistency 

of the weather constitutes one of the major drawbacks of this type of 

measurement range. 

Indoor facilities. on the other hand, provide a controlled environment 

but obviously. target size is relatively limited. The dual-reflector 

Compact Antenna Test Range (CATR) utilizes two cylindrical paraboloids 

to create a plane-wave zone at relatively short distances (1]. 

Unfortunately. several effects cause the amplitude and phase 

distributions in the test zone to deviate from a uniform plane wave 

and consequently. these differences will cause errors in measured 

data. 

The development of cylindrical scanning techniques for antennas has 

led to the realization of a Single Plane Collimating Range (SPCR) , 

where the antenna under test is illuminated by electromagnetic waves 

having a cylindrical curvature. The antenna application of near-zone 

measurements and processing methods is well established {2,3J. but, on 

the other hand, near-zone Res measurements and subsequent processing 

has remained practically untouched. 

This can be due to the fact that the problematic nature of near-zone 

RCS measurements Is more complex than its antenna equivalent. The 

measured near-zone Res pattern must be extrapolated to Res data which 
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have apparently been measured in the far field. Recently. an 

extrapolation method based on estimating the far-field vector 

potential from the near-field vector potential, inferred from 

near-zone measurements has been described in [4]. 

In this report. the possible application of an algorithmic procedure 

to (a) compensate for nonplanar illumination, as is the case with the 

CATR measurements. and (b) extrapolate near-zone Res data, acquired by 

cylindrical-wave illumination, to the far zone is analyzed. 

In the next chapter. the algorithmic procedure will be presented after 

a general introduction to Res determination. Chapter 3 discusses the 

fundamentals of ISAR imaging and image gating which are important 

diagnostic tools in RCS engineering. In chapter 4. the application of 

the correction technique for CATR measurements is considered, focusing 

on the correct determination of the absolute Res in dBsm and on the 

possible application to two-dimenSional targets. Chapter 5 deals with 

the particulars involved in applying the procedure to extrapolate 

near-zone RCS data to the far zone. 
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2. RADAR CROSS SECTION DETERMINATION TECHNIQUES 

In this chapter, a general introduction to radar cross section is 

given. After an outline of some basic scattering concepts, techniques 

used for the prediction, in the high-frequency regime, and measurement 

of the RCS of an object will be presented. 

The accuracy of RCS measurements partly depends on the plane-wave 

quality of the illuminating field in the test zone. The cause of the 

deviations, in amplitude and in phase, in the incident field can be 

tracked down and should be, if possible, removed or alternatively. an 

accurate error estimate must be given. Techniques to characterize the 

test-zone quality and to identify possible field-error contributors of 

RCS measurement ranges will be given in section 2.5. Finally. a data 

processing method which can be used to remove the effects of degraded 

test-zone fields on RCS measurements will be presented. 

2.1 Concepts of radar cross section 

When an object is illuminated by an electromagnetic wave coming from. 

for instance, a radar transmitting antenna, the incident energy is 

scattered in all directions. The basic radar equation [S.p.48) relates 

the transmitted radar power to the scattered and received power: 

P G 
t t 

4nR2 

where p. received power 
r 

P • transmitted power 
t 

G • gain of transmitting antenna 
t 

R = separation between radar and target 

G = gain of receiving antenna 

A = wavelength used 

~ = radar scattering cross section 

3 
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The power densi ty incident on the target due to radiation from the 

transmitter is characterized by the first term while the third term 

describes the amount of power captured by the receiving antenna. 

The second term represents the redirected power in the direction of 

the receiving antenna. In this basic equation. u represents the radar 

cross section of the target and it can be seen as a measure of the 

ability of a target to scatter electromagnetic energy in a given 

direction. 

The theoretical defini tlon of radar cross section is given by: 

lim 
4nR

2 I 
£2 

~!: 4nR
2 

H 2 
U = r = r (2.1.2) R-+m £ 2 H 2 

I I 

where £ , H = electric/magnetic field at receiver 
r r 

£ • H = electric/magnetic field incident on target 
1 1 

This formal definition implies. by assuming an infinite range R. an 

incident plane wave at the target while simultaneously. the receiver 

is assumed to be located in the far field (R>2d2
/A, d=diameter of the 

target) of the target. 

Although the dimension of Res is that of area, there is no general 

relationship with any physical cross sectional area of the target. Res 
is generally expressed in decibels relative to one square meter. that 

is: 

cr (dBsm) = 10 10 2 log [ u (m ) ] 

The Res of an object 1s a function of several parameters which 

include: 

• Target geometry and material properties 

• Angular orientation relative to the illuminating field 

• Frequency used 

• IncidentlReceived polarization 
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If a coordinate system is defined, where the target is located at the 

origin of the system and al ,ft are used to characterize the direction 

of the incident field and as.fs characterize the direction of 

propagation of the scattered field of interest, as depicted in 

Fig.2.t.t, we can write: 

(2.1.3) 

i,j denote the incident and received polarizations 

t S ! S When a =a and f =f, that Is, the transmitting antenna Is also used 

as the receiving antenna, the determined RCS 15 called monostatlc. If 

both a transmitting and receiving antenna adjacent to each other are 

used, then the pseudo-monostatic RCS is determined. Bistatic RCS is 

measured when the transmitter and the receiver are clearly located at 

different positions. 

In this work, as often encountered in practice, we are only interested 

in the determination of (quasi)monostatic RCS. 

scattered signal 

in direction of 

receiver 

Fig.2.t.t Definition of coordinate system 
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The scattering matrix 

We have seen that, in general, the radar cross section depends on the 

polarization of the transmitted and received fields. In view of this, 

a more complete characterization of the interaction between the 

incident electromagnetic energy and the target can be accomplished by 

using a polarization scattering matrix. Let us assume an arbitrarily 

polarized plane wave, the two orthogonal polarization components can 

be written as: 

E r = a E 1 + a E i 
1 11 1 12 2 

(2.1.4) 
E r = a

21 
E 1 E 1 2 1 + a

22 2 

The subscripts 1,2 denote two general orthogonal polarization 

components. We can write Eq. (2.1.4) in matrix-form: 

[ :::] = [ ::: :::] [::: ] = A [ ::: ] 
(2.1.5) 

where 

A = 

In order to specify A completely in the blstatic case, eight 

quantities (four amplitudes, four phases) have to be determined while 

the monostatic case, where a =a • requires six quantities to fully 
12 21 

characterize the polarization scattering matrix. 
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Frequency dependency of the scattering process 

We have seen that the wavelength of the incident field is also 

important when we are determining the RCS of a target. It is customary 

to distinguish three frequency regions of scattering, according to the 

relationship between the wavelength used and the target size. 

1. Low-frequency scattering or Rayleigh scattering 

In this case, the wavelength is much larger than the target size 

and characteristically, the Res can be seen to vary inversely to 

the fourth power of the radar wavelength. Little variation of the 

incident field, in amplitude as well as in phase, is the case 

across the target, implying an essentially static-field problem. 

2. Resonant scattering 

Resonant scattering occurs when the wavelength of the radar is on 

the order of the target size. In this case, the influence of target 

regions (scattering regions) on each other is very important and 

the methods used to determine the RCS in this region have to take 

this into account. 

3. High-frequency scattering 

In this region, the incident wavelength is much smaller than the 

target size. The target can now be seen as a collection of 

independent scatterers. where the interactions can be neglected. 

For most radar applications, the wavelength used is small compared 

to the target size and therefore, our analysis will be limited to 

the high-frequency scattering regime. 

In the next section. several high-frequency Res prediction techniques 

will be presented. 

As an Illustration of the three scattering regions, the Res of a 

perfectly conducting sphere Is depicted in Fig.2.1.2. 
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Fig. 2.1.2 Normalized Res of a perfectly conducting sphere [5,p.53] 

Near-field radar cross section 

We have seen that the formal determination of the radar cross section 

of an object is irrevocably linked to far-field condi tlons. In many 

cases we are, however. also interested in RCS determination where the 

far-field conditions are not met (entirely). One can. for instance, be 

interested in the relation and possible trade-off between the phase 

deviation across the target due to non-infinite separation and the 

resulting error in RCS [6]. 

Another possible interest is determination of bistatic Res when the 

target is illuminated by a plane wave (for instance by a compact 

range) and bistatic near-field data is acquired, generally to be 

processed to far-field data. 

As a final example, the possible application of the Single Plane 

Collimating Range (SPCRl for RCS and antenna measurements [7,81. 

justifies the interest in near-zone measurements. The target is, in 

this case, illuminated by a cylindrical wave. giving quite 

considerable phase deviations across the target. As we are ultimately 

interested in the far-field Res. these near-zone results have to be 

extrapolated to data apparently acquired in the far zone. Chapter 5 

will report extensively on the analysis of this particular application 

and the eventual limiting factors inherent to the technique. 
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2.2 Radar cross section prediction techniques 

In the previous section, we have seen that three regions of scattering 

can be distinguished and that generally, the high-frequency scattering 

region prevails in radar applications. Several high-frequency 

techniques exist to ma~e a prediction of the ReS of an object [5]. 

The most familiar method is probably the method of Geometrical 

Optics (GO). If the wavelength used is small compared with all the 

dimensions involved in the scattering process, this method ,which is 

based on classical ray-tracing methods, can be used. According to GO, 

the ReS is zero at aspects other than those for which specular 

reflection occurs. An extension of this method which provides 

continuity in ReS determination in the aspect-angle domain occurs when 

the scattered fields are assumed to be exited at all points of the 

surface (by surface currents). This is the Physical Optics 

approximation (PO). A more accurate prediction technique which also 

takes the diffracted fields into account is the Geometrical Theory of 

Diffraction (GTD). 

The radar cross section of an arbitrary body Is angular dependent and 

although no clear distinction exists, objects are usually classified 

as either simple or complex shapes. According to [9]. the complexity 

of an object is more closely connected to the degree of difficulty 

involved in obtaining an estimate for the ReS than it is to the degree 

of geometric complexity of the object. If we assume that a target can 

be represented by a number of discrete scatterers. the ReS can be 

wri tten as: 

t1' = 

where th 
t1' = RCS of m scatterer 

m 
at. 

~ = phase relative to 1 scatterer 
m 

(2.2.1) 

A simple shape can thus be characterized as a configuration whose 

geometry is not particularly involved and also one of which the ReS is 

determined by a relatively small number of contributions. 
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Examples of simple shapes are spheres, cylinders, flat plates, cones 

and corner reflectors. A perfectly conducting sphere, being 

rotationally symmetric around the origin, is the simplest 

three-dimensional shape. Moreover, the RCS is independent of the 

aspect angle. The exact expression for the ReS of a perfectly 
2 conducting sphere. normalized to its optical cross-section na, is 

given by [5.p.160]: 

I~ i 
00 

= ka L (_Un (2n+l)(b -a ) 
n n na n=l 

(2.2.2) 

where 
I n (ka) (2.2.3) a = n h (t)(ka) 

n 

kaj (ka) - nJ (ka) 
b n-l n 

= 
n kah (ka)- nh (1) (ka) 

n-l n 

(2.2.4) 

h (l)(ka) = J (ka) + i y (ka) 
n n n 

(2.2.5) 

J (ka), y (ka), h (1) (ka) 
n n n 

spherical Bessel functions of the 

first, second and third kind of 

order n and argument ka 

Fig.2.1.2 depicts the normalized ReS of a sphere as function of (ka) 

and it can be seen that as (ka) becomes large, the RCS of a sphere 

asymptotically approaches the frequency-independent. optical 

cross-section. Due to the above mentioned scattering properties of a 

sphere, it obviously is an excellent calibration target for the 

determination of absolute ReS in dBsm values. 

Fig.2.2.1 summarizes the typical patterns and analytical expressions 

for the radar cross section of some simply shaped targets. 
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Shape 

Sphere 

Rectangular 

plate 

Cylinder 

Circular 

plate 

Radar cross section 

2 na 

a = radius 

4nA2 2 [Sin N ] -- cos e 
A2 N 

A = surface area 

N = 2nlsine/" 

1 = length plate 

2nRl
2 e -- cos ,,2 

R = radius 

1 = length cylinder 

[ 

J (u) 
2 1 

u 

u = 4asine/A 

J
1
= First order Bessel 

function 

Typical pattern 

11 .... ---na
2 

9=0 

~ 

9=0 

Fig.2.2.1 Typical patterns and expressions for some simple shapes[10] 

Complex targets consist of many scattering centres and the 

interference between these scattering centres usually cause the 

overall RCS of the target to vary rapidly as a function of aspect 

angle. It is therefore not possible to give a closed-form expression 

describing the RCS versus angle of a complex target. It Is often 

encountered in practice, when dealing with target identification and 

RCS reduction techniques. that a complex target is segmented into 
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(more) simple. basic shapes. Fig.2.2.2 shows a polar pattern of the 

ReS of an AT-ll aircraft[ll.p.343]. 

Fig.2.2.2 ReS of an AT-tt aircraft 

2.3 ReS measurement techniques 

The definition of radar cross section assumes no range dependency of 

ReS data by assuming an infinite distance and consequently. plane-wave 

illumination. We are, therefore, usually interested in (measuring) the 

far-field ReS of an object. 

The separation between the radar and the target is finite, therefore a 

definition of a minimum range is in order. The far-field requirement 

gives the minimum separation between the source and the target, 
o 

allowing an edge phase deviation of maximally 1[/8 radians (22.5 ), 

[S.p.32S] : 

2d2 
r) -A- d = diameter of target (2.3.1) 

In [6) a detailed analysis of the range requirement and the effect of 

the phase deviations due to the finite separation on the measured RCS 

is given. 

12 



Two main types of RCS measurement ranges exist, outdoor ranges and 

indoor facilities. each having typical, more or less complementary 

advantages and constraints [111. Large targets have to be measured on 

an outdoor range because of the far-field range requirement. The major 

drawbacks for this type of measurement range are finding a sui table 

measurement site and the non-controllable environmental factors. 

Indoor faclli ties, on the other hand, are "weather-proof" but target 

size is obviously limited. 

Outdoor ranges and indoor facilities can further be categorized into 

different measurement range types, according to the purpose of the RCS 

measurement. If one is interested in, for instance, bistatic RCS 

measurements. the measurement capabilities will be customized for that 

purpose thus creating a bistatic RCS measurement range. 

In this work, we are interested in two types of indoor ranges while 

the ultimate purpose is the determination of monostatic (far-zone) RCS 

of arbitrary targets. The first type is the Compact Antenna Test Range 

(CATR) where far-field conditions are created at a finite distance. 

ReS determination using this type of facility will be discussed in 

chapter 4. On the other hand, an indoor facility where the target is 

explicitly illuminated by a cylindrical wave, resulting in measured 

near-field RCS data will be discussed in chapter 5. The near-field ReS 

data will be extrapolated to the far zone, restrictions and limiting 

factors in this process will be presented. A facility where ReS 

measurements, using cylindrical-wave illumination, can be conducted is 

operational at the Arizona State University (ASU). 
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2.4 Range characterization techniques 

This section is based on the paper "Error determination and analysis 

techniques for ReS measurements" [12] printed in the Proceedings of 

the 1989 AMTA conference. 

In antenna measurements, the amplitude and phase distribution has to 

be determined across some reference plane. The taper and ripple is 

then often used as a criterion for the accuracy in measurements [13]. 

In RCS measurements, however, the situation is somewhat more 

complicated. First, most targets can have considerable length, which 

implies that the incident field distribution has to be known over the 

entire region occupied by the target. It is obvious that scanning the 

fields within a large volume may be extremely time consuming. 

Moreover, the amplitude and phase deviations (even if known over the 

entire target cross-section) will not directly provide information 

about errors in the actual RCS versus aspect-angle measurements. In 

this section, several possible methods for the qualifying of indoor or 

outdoor ranges for ReS applications, will be described. 

Quiet zone field determination 

The field across the test zone can be seen as a superposition of plane 

waves incident from various directions and having different 

ampli tudes. In case of a perfect plane wave, there is only one 

spectral component from the direction «=0 (boresight). In practice. 

however, more (unwanted) components are present, causing deviations 

in amplitude and phase in the incident field and introducing errors in 

ReS data. The Plane Wave Spectrum (PWS) canthus be seen as a measure 

for the purity of the incident field. 

Compact ranges designed for RCS and antenna measurements can be tested 

in the one-way or the two-way mode. One-way testing adequately 

characterize the test zone if the Compact Range is used for antenna 

measurements only. If the range is used for RCS measurements, a 

two-way testing mode will describe the test-zone fields more 

completely; in presence of some target, multiple scattering effects 

will be introduced, which may cause additional errors in ReS 

measurements. 
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The one-way testing mode utilizes a probe (open waveguide or standard 

gain horn) to determine theampl itude and phase of the fields across 

the test zone. 

Two-way testing modes are: 

1. Scanning the test zone with a simple target (small disk. corner 

reflector, sphere). RCS data is obtained and processed. 

2. Rotating target method. A reference target with a well-known RCS 

is placed in the test zone and rotated in azimuth and/or elevation, 

as shown in Fig.2.4.1. A comparison with its theoretical response 

provides a measure for the purity of the test-zone fields. 

--F1---~ 
: I I I ____ ~..._.. 
I I ____ 

: I " 

Fig.2.4.1 Rotating target method 

Depending on some particular application, one of the above mentioned 

methods can be used durIng the acceptance testing. In the following, 

the rotating target method will be described more extensively. 

The rotating target method 

The scattered field of a straight bar or cylinder. when placed in a 

nonuniform field, shown in Fig.2.4.2. can be described by: 
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L/2 

Sea) >= J 
-L/2 

E(x) exp(2Jkxsina) dx 

where x = cross-range coordinate 

a = aspect angle 

A = wavelength used 

L = length bar 

k = 2U/A 

E(x) = complex function describing the 
non uniformity of the illuminating 
field and the target charateristics 

range t 

1 
E(x) 

incident field 

-

(2.4.1) 

cross-range 

Fig.2.4.2 Configuration definition 

An incident plane wave at angle a induces a surface current 

distribution on the target which will then reradiate electromagnetic 

energy. The scattered field is found by integrating the near field 

E(x) over the length of the target[14.p.180]. In RCS applications the 

phase factor is exp(2Jkxsina). the factor 2 in the exponent obviously 

a consequence of the scattering process. 
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It should be noted that the illuminating field is assumed to be 

independent of the aspect angle ". 

Substituting u=2ksin" in Eq. (2.4.1) gives: 

L/2 

S(u) = J E(x)exp(jux)dx 

-L/2 

The inverse transform of this Fourier relationship is: 

IX) 

E(x) = 2n J S(u)exp(-jux)du 

(2.4.2) 

(2.4.3) 

It can thus be seen that if the scattered field is known, the 

illuminating field can be calculated by applying a Fourier transform 

on S(U). Note that the field E(x) is considered to be periodically 

extended for Ixl>L/2. 

In the most simple version of this method, the reference target is 

placed on a styrofoam column and rotated in azimuth only. Information 

on the amp 11 tude and phase distributions in the horizontal plane is 

then obtained. For complete analysis of the field in the test zone in 

both principal planes, a target mount motorized in azimuth and 

elevation will be required. 

The plane-wave components of the test-zone field determined in this 

way can be derived using the following expression: 

a/2 

S.(9) = ~ J Eex)exp(J2nmx/a)dx 

-a/2 

where m = a/Asin9 Cm=integer) 

a = width of zone 

E(x) = converted one-way data 

(2.4.4) 

An illustration of the acquired and processed data Is given in 

Fig.2.4.3. 
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Fig.2.4.3 RCS vs.angle bar measurement and processed data 

Far field vs. collimating ranges 

The method introduced in this section will be used in evaluation of a 

far-field range and a Compact Range. It should be noted that there is 

a fundamental difference between the far-field range and a collimating 

range (15,16). 

In the first case, the unwanted radiation is usually caused by 

reflections from various obstacles which, in turn, will result in a 

spatial interference pattern (ripple) in both amplitude and phase. It 
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should be noted that all unwanted components have a far-field 

character. Another source of a nonideal electromagnetic environment is 

the (residual) spherical wavefront. At a common far-field criterion of 
2 0 2d fA the phase deviations amount to 22.5 at the edge of the test 

zone. Such a distribution is shown in Fig.2.4.4a. In Fig.2.4.4b the 

corresponding spectral components are shown. The maximum is at 

approximately -22 dB and a gradual decrease is seen at larger angles. 

The measured field is given in Fig. 2. 4. 4c. For comparison purposes, 

the "ideal" far-field pattern Is also shown (dotted line). We observe 

that the errors in measurement are acceptable. 

An idealized Compact Range has an optimized aperture distribution with 

cos1. 6 taper close to Its edge [17]. It Is well known that the Compact 

Range performance will degrade seriously at low frequencies where the 

Compact Range aperture is relatively small compared to the wavelength. 

In this example D equals approximately 30 wavelengths. As expected, 
cr 

the test-zone fields indicate a relatively large ripple in amplitude 

and phase (Fig.2.4.4d). The spectral components are lower in amplitude 

than in the previous case. However. the three first components have 

relatively high intensity (Fig. 2. 4. 4e). The simulated far-field 

response thus shows some errors in the first two 

sidelobes (Fig.2.4.4f). The main-beam intensity is approximately 

0.1 dB less than in the ideal case, which can be considered as 

acceptable. 

We have seen that measurements carried out on a far-field range with 

D = 2d2 
fA give somewhat bet ter resul ts than those conducted on a 

Compact Range operating close to its low-frequency limit. The 

situation changes when the collimator is enlarged and has a 

considerably better performance than the far-field range for sizes 

larger than 100 wavelengths. 
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Fig.2.4.4 Far f1eld vs. coll1ma ting ranges 
(a,d) Test-zone Fields 

(b,e) Spectral components 
(c, f) Measured and theoretical response 

F1eld characterization in down and cross ranges 

The "rotating target method" can be used to determine the fields 

within the entire test zone, the procedure Is shown in Fig.2.4.5. 
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JlCPUT: 
RCS VS. FREQUENCY AND ASPECT ANGLE 

(2-WAY DATA) 

I 
MENU : - SELECT FREQUUCY 

- SELECT CROSS RANGE 
- SELECT DOWN RANGE 

I 
READJllST DATA - NO OFFSET 

MAXIMUM AT 0 DECREES 

I 
INTERPOLATE TO U - DOMAIN . 

I 
CALCULATE QUIET-ZONE FIELD 

I 
CALCULATE SPECTRAL COMPONENTS 

I 

CALCULATE DOWN-RANCE FIELD 

I 
CONVERT TO ONE-WAY DATA 

I 
OUTPUT: 

AMPLITUDE AND PHASE DISTRIBUTION VS. 
DOWN RANGE. CROSS RANGE AND FREQUENCY 

Fig.2.4.5 Down- and cross-range field calculation proc~dure 

First, ReS vs. aspect angle data at various frequencies recorded at a 

certain down-range posltlon (usually in the middle of the test zone) 

is used for a field calculation in cross range. The wavefront across 

the test zone can be considered as a product of a number of plane 

waves arriving from different directions. This Plane Wave Spectrum is 

calculated from the cross-range distribution. If the spectral 

components are known, it is possible to calculate the field at other 
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down-range positions. An application program (DRANGE) has been 

written [18] for this purpose. Taking the phase factor into account. 

the resulting field can be derived by applying the Fourier transform 

again. In Fig. 2. 4. 6. an example of this PWS analysis is given. The 

test-zone field was determined using an oversized reference bar. 

program DRANGE was used to calculate the fields at other down-range 

positions. The displayed frequency is 10 GHz. It can be seen that the 

field intensity spreads gradually at larger distances from the 

collimator. 

n---------------------------'20. 

~--------------------------~10. 

20. 

10. 

O. 

-10, 

-20, J,.:---__ ---....---_----"'--" 

-1.25 -,625 0, ,625 1.25 
CROSS RANGE (m) 

Fig.2.4.6 Compact-range field at f = 10 GHz 

O. 

-10. 

-20. 
1.25 

.625 

-,625 

DOWN RANGE (m) 

It is thus possible to characterize the fields in amplitude and in 

phase wi thin a predefined test-zone plane by applying a single RCS 

vs. aspect angle scan with a suitable reference target and processing 

the data. If we assume that we can describe the field within a full 

test volume by f(x,y)=f(x)f(y). a condition satisfied for most range 

geometries, then we can acquire data in the two principal planes and 

in this way, determine the fields in the entire test volume, which can 

be represented as a rectangular volume or a part of a cylinder or 

sphere, as depicted in Fig.2.4.7. 
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spherical 

rectangular 
cylindrical 

H 0 

Fig.2.4.7 Test-volume definitions 

2.5 A correction technique for ReS measurements 

General outline 

Accurate RCS measurements and measurements of the directive properties 

of antennas require the target or antenna to be illuminated by a 

uniform plane wave. In compact ranges. reflectors are used to create 

plane waves at relatively short distances. However. in these ranges 

some unwanted effects, for instance direct radiation from the feed and 

multiple reflections, degrade the purity of the amplitude and phase 

distributions of the field In the test zone. Consequently, the 

difference between the actual illuminating field and a planar wave 

will lead to errors in the measured data. 

A data-processing method which takes into account the amp 11 tude and 

phase distribution of the Illuminating field and corrects the error in 

the measured antenna data caused by non planarIty has been described 

in [19]. 

An extension to RCS application of the correction method for antenna 

measurements in a non-planar wave environment has been described by 
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[20]. This correction process is limited to a single plane in the test 

zone, that is, the one-dimensional case is considered. The correction 

method has been tested using measurements conducted in the Compact 

Antenna Test Range at the Eindhoven University of Technology (EUT). In 

this range, the illuminating field is considered to be near planar, 

the ampli tude and phase distributions displaying only slight 

deviations from the ideal plane-wave. 

As it will be described in chapter S. the correction process can, 

under certain conditions, be used to extrapolate near-field RCS 

measured data, obtained by cylindrical-wave illumination of the 

target, to far-field RCS data. 

This is very interesting in view of the recent developments [7] in the 

field of Single Plane Collimating Ranges (SPCR) , where the antenna or 

target under test is illuminated by cylindrical waves. As it has been 

mentioned previously, such a configuration is currently operational at 

the Arizona State University 

In the following, the fundamentals of the RCS correction process will 

be discussed. 

Basic relationship 

The correction process as described by [19] is developed while 

assuming a linear antenna. For RCS applications, this simplifying 

assumption implies that the validl ty of the correction process is 

limited to one dimension and that it can only be applied to measured 

RCS data of simple planar structures like bars and cylinders. It will 

be been shown however, that under certain conditions. the 

(one-dimensional) correction process can be applied to correct 

measured data of (more) complex targets. In the previous section we 

have seen that in the one-dimensional case, the scattered field of a 

straight bar or cylinder when placed in a non-uniform field can be 

described by: 

1./2 

Seu)= J Eex)exp(Juxldx 

-L/2 

(2.4.2) 

In case of antenna application, the complex function E(x) can be 

thought to consist of two separate functions: E(x)=E (x)E (x) where 
1 <II 
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the first component describes the the illuminating field measured in 

the aperture of the antenna while the latter one describes the field 

in the aperture of the antenna during its transmitting mode. For RCS 

measurements however, the complex function E(x) should be interpreted 

differently because we are actually dealing with reflected 

fields (two-way data). In this case E(x)=E (x)E (x) where E (x) 
1 1 1 

depends on the target characteristics assuming plane wave illumination 

and on the illuminating field (E (x»: 
1 

E (x) = E (x) E (x) 
1 1 t 

For E(x) we can then actually write: 

E(x) = E 2(x) E (x) 
1 t 

The determination of the illuminating field Ei(x) in terms of 

amplitude and phase distributions will show to be an essential step in 

the correction process. As it has been outlined in the previous 

section, the illuminating field can be determined by several methods 

and of these, the rotating target method will be used. Furthermore, it 

should be noted that the RCS is proportional to the squared of the 

scattered field magnitude. 

Correction coefficients 

Now, Eq. (2.4.2) can be written as: 

L/2 

S(u)= J El(x) E
1

(x) exp(jux)dx 

-L/2 

Assuming ideal plane-wave lllumination (E (x):I) gives: 
1 

L/2 

DCu) = J El(x) exp(jux)dx 

-L/2 

For a straight bar or cylinder E (x):1 so: 
l 
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L/2 

D(u) = J exp(jux) = L 

-L/2 

sin(uL/2} 
(uL/2) (2.5.3) 

In order to derive a correction procedure in which an arbitrary 

measured scattered field can be corrected, D(u) is rewritten as: 

LIz 

D(u) = J [ El (x) E 2(X) ] 1 exp(jux)dx (2.5.4) 
I E 2(x) 

-LIz I 

E (x) 
I 

• 0 for x = ± LIz 

This notation implies that D(u) is the Fourier transform of the 

product function involving E (x)E (x)=E(x) as the first term and 
211 

l/Ei (x) as the second term. The first term is obviously the complex 

function as it can be determined from the two-way testing mode. The 

second term is the squared, inverse illuminating field distribution. 

Eq. (2.5.4) can be written as a convolution of the spectra of the 

involved product terms. Therefore, the integration limits are extended 

to infinity. E~(x) is periodically extended for Ixl>L/Z and E
t 

(x)=O 

for I x I >L/2. 

The resulting expression is 

CD 

D(u)= J S(v)Q(u-v)dv (2.5.5) 

-CD 

In this expression, S(v) is the spectrum of E (xlE (x) as given by 
1 1 -2 

Eq. (2.4.2) and Q(u) is the spectrum of the extended function EI (x) 

which can be written as a sum of a-functions: 

Q (u) = JCD _~1:--_ exp ( Jux) dx 
E 2 (x) 

1 
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where 

eo 

Q(u) == L q o(u-2nn/L) 
n 

q == 
n 

n=-eo 

L/2 

-,:-
1 J 1 2n --- exp (jn-L x) dx 

E 2(x) 
-L/2 1 

Using Eq. (2.5.5) together with (2.5.7) results in 

eo 

D(u) == L q S (u-2nn/L) 
n 

n"'-eo 

(2.5.7) 

(2.5.8) 

(2.5.9) 

This is an expression for the corrected ReS pattern. According to this 

expression the "two-way" correction coefficients q have to be 
n 

determined first. These coefficients are the Fourier coefficients of a 

function which is inversely proportional to the squared illuminating 

field E (x). As it has already been outlined in this section, E (x) 
i 1 

can be determined with the rotating target method. Having determined 

the correction coefficients once, errors in measurements resulting 

from nonideal plane-wave illumination can be corrected for arbitrary 

targets by using Eq. (2.5.9). 

Errors in reconstruction of the pattern 

In practice, however, the reconstructed pattern D(u) will have an 

approximate character because: 

1. The scattered field Is always measured with an error. 

2. The scattered field of the reference target is measured in a 

limited angular sector. 

3. The scattered field of the target is measured in a limited angular 

span. 

This leads to the following approximation for the reconstructed 

scattered field: 
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D(u) = 1 q S(u-2nn/L) 
n 

lu-2nn/LIS u o 

(2.5.10) 

where D(u) = approximately reconstructed pattern 

stu) = measured scattered field 

2Uo = angular span 

... 
qn = approximately computed corr.coeff. 

The difference between the exactly and the approxlmately reconstructed 

pattern is glven by: 

co 

AD(u) = 1 q S(u-2nn/L) 
n 

n=-CO u's u 
o 

q S{u-2nn/L) 
n 

= 1 q S(u-2nn/L) + \ q S(u-2nn/L) - \ q S(u-2nn/L) 
n L n L n 

u's u o 
u') u 

o 

where u' = I u-2nn/L I 

u's u 
o 

(2.5.11) 

We now assume that the error in the measured response can be 

neglected: S(u)=S(u). Eq. (2.5.11) simplifies to: 

AD(u) = Aq S(u-2nn/L) + 
n 

u's u o 

-

q S(u-2nn/L) 
n 

u') U 
o 

where Aq = q - q 
n n n 

Analysis of the errors in the reconstructed pattern 

(2.5.12) 

The first part of Eq.(2.S.12) represents the error in the 
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reconstructed pattern due to the measurement of the reference target 

(straight bar or cylinder) in a limited angular sector. The correction 

coefficients are determined by integrating a function inversely 

proportional to the two-way illuminating field (Eq. 2. 5. 8) which has 

been obtained by Fourier transforming the measured scattered field. 

Obviously. the accuracy of the correction coefficients depends on the 

dimensions of the angular sector (integration boundaries). 

It is possible, depending on the illuminating field, to derive an 

expression for the minimum angular span needed to obtain reliable 

correction coefficients. However. it should be emphasized that the 

minimum angular span derived in this way is a guideline and that it 

does not guarantee the error ~q to be less than some typical value 
n 

under all circumstances. 

- near planar illuminating fields 

In this case, the scattered field as a function of aspect angle of a 

straight bar or cylinder can be described by: 

D(u) !lif L sln(uL/2) 
(uL/2) (2.5.3) 

The RCS versus aspect angle is therefore proportional to sin2 (x)/x2
, 

x=uL/2. The envelope of this function is described by. see Fig.2.5.1: 
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Fig. 2.5.1 Typical RCS versus angle response for straight bar 
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Now, we require that the ReS response outside the integration 

interval(angular sector) be l dB less than the value at zero aspect 

angle. This leads to the minimum aspect-angle span6 : ex 

= -20 10Log ( 2nLsinex 
A 

A = 2ex = 2 51n-l _A_ 10 
( 

l/20 

ex min 2nL ) 

) = - l 

(2.5.13) 

As an illustration, table 2.5.1 summarizes the minimum angle span at 

f=10 GHz. where the attenuation requirement has been set to 30,40,45 

and 50 dB for bar lengths L=lm, 1.5m and 2m. 

Table 2.5.1 Minimum aspect angle sector 

(values in degrees) 

f = 10 GHz 

'1 (dB) 

L (m) 30 40 45 

1.0 17.4 57.0 116.2 

1.5 11.6 37.1 68.9 

2.0 8.7 27.6 50.2 

50 

>180 

>180 

98.0 

It can be seen that the minimum aspect-angle span decreases with 

increasing target length. that is, the directlvi ty increases. As a 

result of this, we can conclude that correction coefficients computed 

from the scattering pattern of a 2m reference bar will be more 

accurate than those computed from the pattern of a 1.5m bar. scanned 

in an equal angular sector. Consequently. the reference bar should be 

as large as possible. 
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- Cylindrical illuminating fields 

The scattered field measured when illuminating the target with 

cylindrical waves differs considerably from the near planar case. Let 

us consider a configuration where a straight bar is illuminated by 

cylindrical waves, see Fig.2.5.2. 

range t 

point of specular 

reflection 

I / 

I / 
I 

R I / 

/ I 
\ 1/ 
\ // 
\ 1/ 

\ 
source/recelver 

cross-range 

Fig.2.5.2 Straight bar illuminated by cylindrical waves 

If we only consider specular reflection (high-frequency 

approximation), then the maximum angle at which this occurs is given 

by: 

ex 
max 

-1 = sin (L/2R) (2.5.14) 

The field intensity at distance R is proportional to R-1/2
• The 

distance from the source to a point of specular reflection 1s Rcosex, 

leading to the following expression for the envelope of the RCS versus 

anglepattern: 
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A(ed ___ 1 __ for 
RcoslX 

= 0 elsewhere 

The function is depicted in Fig.2.5.3 (solid line). 
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Fig. 2.5.3 Approximated envelope of the ReS versus angle of 

bar illuminated by cylindrical waves 

(2.5.15) 

We can replace the discontinuity in the envelope by a continuously 

decreasing function, as would be the case when the PO approximation 

technique is applied (Fig.2.5.3, dashed lines). 

The scattering of the target itself is also measured in a limited 

angular section. This introduces an error in reconstruction of the 

pattern which is described by the second part of Eq.(2.5.12). 

The number of correction coefficients needed to obtain maximum 

accuracy is dictated by the angular sector In which the target 

measurement has been conducted. Inspection of the summation boundaries 

in Eq. (2.5.10) yields: 
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(u-u ) L o 

2n 
::5 n ::5 

(u+u ) L 
o 

2n 
(2.5.16) 

At each point in the u-domain, this inequality gives the number of 

correction coefficients needed to obtain maximum accuracy in the 

reconstructed value D(ul. 

If we wanted to calculate, for example, the reconstructed response at 

u=uo • the correction coefficients needed for maximum accuracy are 

those in the interval, see Fig.2.5.4: 

o ::5 n ::5 u Lin 
o 

*\ I 
I I 1 

\ 1 .1 
\1 I' _ f 

-u 

S(ul r 

o o 

Fig. 2.5.4 Reconstruction process for u=u o 

I , 

\ 
I , 
Ir~ 
V \ ..... , 

v v \ 

-

The maximum attainable accuracy can only be increased by increasing 

the angular sector in which the target is rotated. Consequently. a 

larger number of correction coefficients have to be computed. 

The correction algorithm 

Software has been developed to apply the discussed correction 

technique so that the acquired ReS vs. angle data can be corrected for 

for irregularities in amplitude and in phase [20]. In Fig. 2.5.5 one 
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can see the relationship between the measured data and the data 

processing programs. 

Reference Target 

Mea sumen t 

QZCAL 

, 

Amplitude and Phase 

Distributions across 

Zone of Interest 

1 
SPECTRUM 

, 

Spectral Components 

of 

Illuminating Field 

Fig. 2.5.5 RCS data processing 

• program QZCAL 

Target 

Measurement 

QZCOR 

I 
Correction 

Corrected 

Target Data 

1 
Coefficients SPECTRUM 

1 
Amplitude and Phase 

Distributions and 

Spectral Components 

of 

Synthesized Plane Wave 

This program uses the measured scattered field of a.reference target 

as input data to calculate the illuminating field and the 

corresponding correction coefficients. 

• program QZCOR 

The measured RCS data of an actual target is corrected using the 

correction coefficients computed by QZCAL. 
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• program SPECTRUM 

This program calculates the plane wave spectral components of the 

illuminating field (Plane Wave Spectrum, PWS). The PWS can be seen as 

a measure of purity of the pseudo plane wave. It can therefore be used 

to give an indication of the quality of the synthesized plane wave. 

In the remainder of this chapter, two illustrative examples of the 

application of the correction technique will be presented. The first 

example entails the correction of RCS vs. aspect-angle data measured 

in a pseudo-plane wave environment (CATR) while in the second example, 

the correction technique is in fact used as an extrapolation technique 

to process near-field RCS data to far-field data. 

Near-planar illuminating field 

Let us assume that the scattered field 1s superpositionof two 

sinc-functions as a result of a plane wave arriving from boresight and 

one arriving from angle ad' 

The scattered field can be written as: 

sea) = K 
1 

sin(kasina) 

kas1na 
+ K 

2 

sinCkasin(a-ad » 

kasin(a-ad ) 
(2.5.17) 

Fig.2.5.6a and (b) show the illuminating field distribution and the 

spectral components. The correction coefficients are given in 

Fig.2.5.6c while the simulated RCS and the corrected RCS are shown in 

Fig.2.5.6d. followed by the calculated cross-range field distribution 

and spectral components. 
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(a) Illuminating field distribution 

(b) Spectral components 
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Cylindrical-wave illumination 

As it has been mentioned previously, when using the Fourier 

transformation (Eq.2.4.2) it is assumed that the illuminating field is 

independent of the aspect angle «. This condition is approximately 

satisfied in case of cylindrical-wave illumination where the curvature 

across the target is n9t extreme. In this case, the incident field is 

assumed to be described by (additional amplitude and phase variations 

are neglected): 

(2.5.18) 

where R = distance to radar system 

x = cross-range coordinate 

One must realize that the back scattering is measured in the near 

field of the target as a result of illumination in the near field of 

the source. We are eventually interested in the corrected or far-field 

RCS pattern implying a need for extrapolation to such data. Eq. (2.5.4) 

shows the essence of the correction technique and it is from this same 

equation that the possible application for general, arbitrary, 

«-independent, illuminating fields .including cylindrical fields, 

becomes evident. Errors in measurements due to cylindrical phase 

deviations are simply removed by applying the correction coefficients 

computed from reference-target data, hereby actually extrapolating to 

the far zone. Simulations have been made using an illuminating field 

described by Eq.(2.5.18); the results are shown in Fig.2.5.7. 

Fig. 2.5. 7a and (b) show the illuminating field distribution and the 

spectral components. 

Fig.2.5.7c while the 

Fig.2.5.7d. followed 

The correction coefficients are shown 

(non) corrected RCS patterns are shown 

by the synthesized field distributions. 

in 

in 

A 

detailed analysis of the use of cylindrical-wave illumination will be 

given in chapter 5. 
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3. ISAR IMAGING 

In the previous chapter, the determination of radar cross section has 

been discussed extensively. ReS data obtained by rotating the target 

and varying the frequency can be processed in such a way that 

reflectivity information as a function of range and cross-range 

coordinates is obtained. This technique which can, for instance, be 

used to identify major reflectivity centers of an object, is called 

radar imaging. In this chapter, basic concepts of ISAR imaging are 

presented. A very useful extension of basic imaging is image gating 

which will be discussed in sect ion 3.3. A detailed outline of ISAR 

imaging and image gating can be found in [21,22J; both a~e recommended 

reading. 

3.1 Theoretical outline 

A radar image of an object represents the spatial distribution of its 

reflectivity density [23]. The image is thus a collection of 

reflection coeffiCients connected to two spatial coordinates, 

generally denoted as down range and cross range. Resolution of an 

image can be described as the ability to distinctly separate and 

represent the constituent reflection centres of an object. It is 

obvious that the usefulness of an image is closely associated with the 

resolution involved. The resolution of an image is inversely 

proportional to the beamwidth of the radar antenna and consequently. 

large antenna apertures may be required to make high-quality images. 

Alternatively. such a large aperture may also be synthesized by 

processing data measured with a small antenna. This process is called 

Synthetic Aperture Radar (SAR) imaging. The imaging process requires 

relative motion between the radar system and the target. In SAR 

imaging, the object is placed in a fixed position and the antenna is 

moved around the target whereas in ISAR (=Inverse Synthetic Aperture 

Radar) imaging. the radar is located at a fixed position and the 
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target is rotated. In this chapter, we will consider two-dimensional 

images. When the object is uniformly illuminated, the two-dimensional 

image of a three-dimensional object represents the projection of the 

3-D reflectivity density function g(x,y,z) on a two-dimensional image 

plane (down range, cross range): 

g(x,y) = I g(x,y,z) dz 
z 

(3.1.1) 

In practice. the object is rotated with the axis of rotation 

perpendicular to the line-of-sight and at fixed angle positions. the 

frequency of the illuminating wave is varied. The object must be 

illuminated by planar waves which can be archieved in several ways, as 

it has been outlined in the previous chapter. The coordinate geometry 

is shown in Fig.3.1.1. 

t 
incoming plane wave 

Fig.3.1.1 Coordinate-system definition 

The coordinates (x, y) are fixed to the target while u, denoting the 

cross-range and v, the down-range coordinate, are fixed to the 
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stationary source/receiver. 

The image process described in the following can be seen as a 

reconstruction process where the reflectivity-density function, that 

is, the image, is restored from measurements of the total reflected 

signal [21]. 

Let us assume that the object is rotated over an angle e; at this 

fixed angle the measured signal from a particular range position v can 

be written as: 

p(v,el - J g(u,v) du (3.1.2) 

u 

The electromagnetic return signal is composed of contributions in 

cross range, that is, integration over the variable u. It is hereby 

assumed that the reflection coefficients at the same range all have 

the same phase so that the signals add in-phase. 

Let us now consider the function p(v.e) more closely. The integration 

along the cross-range coordinate can be interpreted as the projection 

of g(u,v), at fixed v, on the v-axis. With this understanding, the 

total reflected and received signal can be found by integrating the 

function p(v,e) over the range coordinate v, hereby taking into 

account the two-way phase factor at the individual v-pOSitions, being: 

4nf lla(v) = 2kv = -- v c 

The expression for the total signal received becomes: 

J 4nfv G{f,e) - p(v,e)exp(-j ---c- ) dv 

v 

J J 4nfv = g(u.v)exp(-j --c-- ) dudv 

v u 

The relation between (x,y) and (u,v) is given by: 
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u = xcose - ysine 

v = xsine + ycose 

Substitution in Eq.(3.1.4) gives: 

G(f,e) = J J g(x,y)exp(-j 4~f (xsine + ycose) dxdy 

y x 

Two variables f and f are introduced: 
x y 

2f f = -- sine 2f f = -- cose 
x c y c 

Using f and f , Eq. (3.1.6) can be written as: 
x y 

g(x.y)exp(-j2u(f x + f y» dxdy 
x y 

(3.1.5) 

(3.1.6) 

(3.1.7) 

(3.1.8) 

It can thus be seen that G(f ,f) and g(x,y) constitute a Fourier 
x y 

transform pair, the inverse Fourier transform of G(f ,f ) 
x y 

being: 

g(x,y) -J J G(f .f )exp(j2u(f x + f y» df df x y x y x y 

= J H{y.f )exp(j2uf x) df 
x x x 

(3.1.9) 

where 

Hey,f) = J G(f .f )exp(2jnf y) df 
x x y y y 

It has previously been mentioned that in practice. the measurements 

are conducted by rotating the target over a certain aspect-angle 

span 9 • hereby acquIring sweeped-frequency data at fixed angle 
sp 

posItions. The discrete data pOints are thus a function of the 
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frequency f and of a, the aspect angle. We can map these data points 

in the spatial-frequency domain (f ,f ), hereby obtaining Fig.3.1.2: 
)( y 

-r 
x 

Fig.3.1.2 Data point locations in (f ,f )-domain 
)( y 

In this polar grid, the straight lines through the origin represent 

data acquired at a fixed angle position, for varying frequency while 

the circles, with radius 2f/c, are the data lines at a fixed 

frequency. The centre frequency and the bandwidth are denoted' fo and B 

respectively. 

It has become clear that, in order to determine the 

reflectivity-density function g(x,y), the measured data G(f,a) must 

first be converted to data in the spatial-frequency domain. G(f .f ). 
)( Y 

The next step is performing a two-dimensional Fourier transform 

according to Eq.(3.1.9). that is, an inverse Discrete Fourier 

Transformation (DFT) from f to down range followed by an inverse OFT 
y 

from f to cross range. If the measured data 1n the (f,a)-domain is 
x 

converted to spatial-frequency domain data without approximations. the 

exact 1mage is reconstructed. This is commonly known as 

phase-corrected or focused 1maging. If a narrow-angle approximation 1s 

applied in the coordinate transformation, the imaging process is 

called unfocused. Obviously. unfocused imaging may result 1n seriously 

degraded images if such imaging parameters are used that the 

approximations lose their validity. 
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Unfocused imaging 

If the aspect-angle span a is small, a narrow-angle approximation 
sp 

can be applied. The frequency f can be expressed as: 

t:.f f=f (1+ -) 
o f 

o 

Eq. (3.1.7) can then be written 

2f f --- sina 
x c 

f = ~ cosa y c 

as: 

2fo t:.f 
~-- (1 +--c 

fo 

2f 
~--c 

If the relative bandwidth is small, t:.f/f «1 o 

2f a 
o 

f ~--
x c 

2f 
f ~-

y c 

}a 

(3.1.10) 

(3.1.11) 

(3.1.12) 

The mapping of the data points in the (f,a)-domain into the 

(f ,f )-domain Is shown in Fig.3.1.3. 
x y 

f 

t y 

2fo9 
sp 

c 

2B 
c . 

-f 
x 

Flg.3.1.3 Happing the measured data points into (f .f )-domain 
x y 
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The rectangular grid (narrow-angle, polar-grid approximation) in the 

spatial-frequency domain eliminates the need for a specific conversion 

from (f,a)-domain data to the (f .f )-domain. The remaining processing 
x y 

step is the two-dimensional Fourier transform which now reduces to: 

a DFT from frequency to down range 

• a DFT from aspect angle to cross range 

The spacing between data pOints in cross range or down range is, by 

Fourier transform definition, inversely equal to the respective 

measured interval in the spatial-frequency domain (see Fig.3.1.3). For 

the spacing in down range (down-range cell size) we can therefore 

write: 

p = 
r 

c 

2B 

and for the spacing in cross range (cross-range cell size): 

c 
p =--

c 
2f a o sp 

In case of equal resolution in down range and cross range 

B=fa o sp 

Focused imaging 

(3.1.13) 

(3.1.14) 

(3.1.15) 

We have seen that, in order to make a focused image, the data measured 

as a function of frequency and aspect angle have to be transformed to 

spatial-frequency domain data first. In this conversion, the polar 

contour. determined by the aspect-angle span a and the start and 
sp 

stop frequencies f and f • is reduced to a rectangular contour. 
min max 

The resulting dimension of the rectangular sector in the 

{f ,f )-domain and thus the cross-range and down-range cell sizes, can x y 

be calculated 

f and f . 
min max 

contour in the 

for a given set of measurement parameters, namely a , 
sp 

The relationship between the polar and the rectangular 

(f ,f )-domain can be seen in Fig.3.1.4. 
x y 

49 



x 

--c 

o 

Fig.3.1.4 Polar and resulting rectangular contour 

-f 
x 

Using this figure, the size of the rectangular intervals leading to 

the respective cell sizes, can be determined. For X we find (point P): 

.!.X 
2 

2f Ic 
mln 

e 
= tan~ 

2 

4f e 
X = min tan~ 

For Y we find (polnt Q): 

f = Xl2 
x 

c 2 

2f 
f =Y+~ 

y c 

2f 2 

C 

max ) 

2 
Y =c [ -f + Ir 2 -f 2 tan2 es2P ] 

min max min 
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The cross-range and down-range cell sizes are: 

1 

X 

1 

(3.1.19) 

(3.1.20) 

From Eq. (3.1.16) it can be seen that, for fixed f ,the angular span 
min 

determines the cross-range resolution. The cross-range resolution can 

be increased, up to a certain limit, by enlarging the aspect-angle 

span in which the measurement is conducted. The angular span beyond 

which no further increase in cross-range resolution can be obtained, 

is found by equating the length of OS (see Fig.3.1.4) with 2f Ic 
max 

2f 2 

C min) tan2 
e 2f 

sp,max max =--- (3.1.21a) 
2 c 

e 
[ 

If2 _f
2 1 max mt n =2arctan -

f 
min 

(3.1.21b) 
sp,max 

= 2 arctan [ 
I (f -f ) (f + f ) 1 max min max min --

f 
min 

(3.1.21c) 

[ 
12foB' 1 = 2 arctan 

f 
min 

(3.1. 21d) 

The maximum value of X, and consequently, the maximum cross-range 

resolution. is then found by substitution of Eq.{3.1.21d) into 

Eq. (3.1.16): 

X 
max 

4 I . 
= - 2fB o c 

(3.1.22) 

It is noted that, in this case, the down-range cell size Is infinitely 

large. 
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Finally. it is possible to find the aspect-angle span 9 for which 
sp 

equal cross-range and down-range resolution can be obtained by 

combining Eq.(3.1.16) and Eq. (3.1.18): 

9 
sp 

Pr 

[ 

-2f +.; 5f 2 _ f 2 ] 
min max min = 2 arctan ---------------------.... 

5f 
min 

5c 
= Pc = 

4 [ -2f + .; 5f 2 f 2 .] 
min max min 

(3.1.23) 

(3.1.24) 

In order to illustrate the difference between the unfocused and 

focused imaging. two examples are given in the remainder of this 

section. First, a target configuration is defined: three point 

scatterers are located at the positions indicated in Fig.3.1.S: 

-1 

3~~ (0,0.75) 

1 2 -
(0,-0.75) (0,0) 

o 
cross-range (m) 

Fig.3.1.S Target configuration 

1 

i down-range 
I (m) 

o 

-1 

1 

In unfocused imaging, the RCS response as a function of frequency and 

aspect angle is first Fourier transformed (DFT) from frequency to 

down-range. the result of this operation Is shown in Fig.3.1.6: 
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-1. 

.--------------,2. 
J--------------11.5 

-.5 O. .5 
IlCUf-R.ANC£ C.d 

Fig.3.1.6 Aspect angle vs. down-range response 

The ridge at zero down range is a result of the scatterers 1 and 2 

while the second ridge is caused by scatterer no.3. A detailed 

analysis of the result reveals, although not visible in this figure, 

that the ReS response of the third scatterer varies with aspect angle. 

This degradation, being a consequence of the narrow-angle 

approximation, typical for unfocused imaging, increases when the 

aspect-angle span is increased. The result of the second Fourier 

transformation, needed to obtain the reflectivity density function in 

down range and cross range, is depicted in Fig.3.1.7. 

~-----------------------------~o. 

;------r\\--------t-l0. 

l\-------f-20. 

\~---------~-~. 

-.5 O. .5 t. -1. 
CROSS-RItHGE (,d 

Fig.3.1.7 Final unfocused image of target configuration 
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In this figure. three peaks can be seen. corresponding to the three 

point scatterers. As a result of the approximations. the amplitude of 

scatterers 1 and 3 is somewhat reduced. 

Focused imaging requires that data obtained in the (f.e)-domain have 

to be converted to data in the (f. f)-domain. The result of this 
x y 

transformation is shown in Fig.3.1.S. 

(al 

.... 
[ 

" 
>
II.. 

000000 000000 
0000000000000 
0000000000000 . 
0000000000000 
0000000000000 
0000000000000 
0000000000000 
0000000000000 
0000000000000 
0000000000000 
0000000000000 
0000000000000 
0000000000000 

..... 5 O. 
FX (1/",) 

(b) 

Fig.3.1.S Ca) RCS response in (f,el-domain 

(b) RCS response in (f ,f )-domain x y 

The final result, after the 2-D DFT is depicted in Flg.3.1.9. 

Log Hag (dBS/Il) 
Hax: 8.~ 

~----------------------~o. 
1------/\\--------i ~10. 

\ ... -----~ ~20. 

-1. -.5 O. .5 t. 
CRDSS-RANC£ {ttl 

Flg.3.1.9 Final focused image of target configuration 
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Comparing this result with the one obtained with focused 

imaging (Fig.3.1.7), reveals that focused imaging does not affect the 

amplitude of the response. 

3.2 Processing errors 

We have seen that. in case of unfocused imaging. the aspect-angle span 

is limited to avoid intolerable image degradation. For a small angle 

span, it is possible to derive upper limits for either target size or 

resolution. It is hereby assumed that no degradation in the image will 

occur as long as the motion of a part of the target is confined to one 

resolution cell. Fig. 3. 2.1 depicts the situation with Pr and Pc as 

defined in Eqs. (3.1.13) and (3.1.14) and D and D being the target 
r c 

size in down range and cross range respectively. 

c 
Pc = 2f 9 

o sp 

A 

9' r\ BI 

ra nge 
c 

Pr 
=-

2B 

cross-range 

I 

Fig.3.2.1 Allowed motion in resolution cell 

If the target is rotated over 9 • point A will travel D sin(9 /2) in 
sp r sp 

cross range while point B will cover a distance of D sin(9 /2) in 
c sp 

down range. For small 9 • these trajectories can be 
sp 

D 8 /2 and D 9 /2 respectively. 
r sp c sp 
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Limit on the target dimensions 

Cross range: 

Down range: 

D e / 2 = p = c/2f e 
r,max sp c 0 sp 

c 
D =--

r,max f e 2 
o sp 

D e = p = c/2B 
c,max sp r 

D = 
c.max 

c 

B e 
sp 

• Limit on the resolution 

Cross range: 

Down range: p = D e / 2 
r.min r sp 

(3.2.1) 

(3.2.2) 

(3.2.3) 

(3.2.4) 

Instead of using a limit on allowable motion to derive limits on the 

target dimensions, a phase-error criterion can be used. In this case, 

a maximum allowable phase error in the exponent of the two-dimensional 

Fourier transform will impose upper limits on the target dimension. 

The exponent in the Fourier relation is (Eq.3.t.6): 

4ftf (xsine + ycose) (3.2.5) 
c 

If the approximations used for unfocused imaging (Eq.3.t.12l are taken 

into account, the following expression results: 

4ft (fxsine - foxe + fycose - fy) (3.2.6) 
c 
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We now use the following approximations: 

sina gj a (3.2.7) 

cosa '" 1 -

Eq. (3.2.6) can then be·written as: 

4n 
(3.2.8) 

c 

The maximum phase error for limited image degradation is set to 

n/2 radians: 

a BD + ~ f D e ~ c 
$P c 2 0 r sp 

c 

8 
(3.2.9) 

(3.2.10) 

If the down-range resolution equals the cross-range resolution we 

have (B = f 9 • Eq.(3.1.1S): o sp 

c 
D +~D ~---

c 2 r 2 
e fo sp 

(3.2.11) 

The maximum target dimension in cross range and down range. allowing a 

phase error of 90
0 

1s shown in Fig.3.2.2. 
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-u 

• 0 Flg.3.2.2 90 phase error contour 

The influence of a window, used to reduce the phase errors at the 

aperture, is not incorporated in this approach. In [21] a criterion 

for image degradation, which includes the effect of a window function, 

is given. 

3.3 Image gating 

The imaging technique described in the previous section can be used to 

analyze the ReS of target signatures. Another step towards systematic 

evaluation of target scattering mechanisms is the image gating 

technique. Image gating [22] can be used to isolate arbitrary image 

responses and to determine the influence of a part of the target on 

the overall RCS. 

Let us assume that we have a measured (or simulated) frequency-domain 

response. denoted by F(f), of an arbitrary target. A Fourier 

transformation will give the time-domain response, F(t). Gating can be 

seen as using a bandpass filter in the time domain. that is, 

multiplying the time-domain function with a gate function G(t), 

resulting in the gated time-domain function. It is well known that a 

multiplication of two functions in the time domain is equivalent to a 

convolution of the involved spectra. The above mentioned is summarized 

in Fig.3.3.1: 
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Frequency Domain 

measured res 

FCf) 

desired reap 

F (f) 
9 

= F(f)· 

ponse 

onse 

G(f) 

) 

Time Domain 

F(t) 

FOURIER 1 
TRANSFOR11ATION Gating 

1 
(FFT) 

( F (t) = 
<:I 

F(t)-Get) 

Fig.3.3.1 Gating procedure in frequency and time domain 

The fastest way to obtain the desired response, that is, the gated 

frequency-domain function F(f), is to determine F(t) by a Fourier 

transformation, multiply with Get) and perform an inverse FFT on the 

resul t. 

The situation is, however, somewhat more complicated because a window 

function is often used on F(f) before calculating the time-domain 

response in order to reduce the sidelobes in the time domain. The 

result of gating the windowed time-domain response is not the desired 

function F (f) as can be seen from Flg.3.3.2: 
9 

Frequency Domain 

windowed res ponse 

F (f) , 
w 

= Fef)-W (f) 

F (f) 
W9 

= [F(f) -W(f )] ·G(f) 

FOURIER 

TRANSFOR11ATION 

(FFT) 
( 

Time Domain 

Fet)- Wet) 

1 
Gating 

[F 

1 
F (t) == 

W9 

Fig.3.3.2 Gating a windowed frequency-domain function 
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It has become clear that, if a window is applied to the measured 

frequency response F(f), gating cannot be performed in the time domain 

but must be done in the frequency (and/or aspect angle) domain. 

Program IMGATE [24] can be applied to perform image gating, the 

procedure is illustrated in Fig.3.3.3. 

Image F (x,y) 
'" 

Focused RCS 

F(f • f ) 
x y 

-+- Gate Specification in Image 

G(x,y) 

Fourier Transform 

G(f ,f ) 
x y 

Convolution with Focused RCS 

Interpolation 

.l. Fef,a) 

Gated RCS 

F (f ,f ) 
q x y 

I 
Window 

Flg.3.3.3. Image-gating procedure (IMGATE) 

~ 2-D FFT 

F (X,y)l 
9'" 

Gated Image 

F (f .f ) can be interpolated to the (f.a)-domain to compare the gated 
9 x y 

RCS with the original RCS data. The aspect-angle span and the 

frequency span will be smaller than the ungated RCS spans as a 

consequence of the interpolation (section 3.1, focused imaging). This 

is shown in Fig.3.3.4: 

60 



-f 
x 

Fig.3.3.4 (f,e)-domain dimension as consequence of interpolation 

The original ReS data was measured in the (f,el-domain limited to the 

outer polar contour; the focused imaging process requires 

transformation to the (f ,f )-domain limited by the rectangular 
x y 

contour. After gating, the interpolation to the (f,e)-domain confines 

the data to the inner polar contour. 

In the remaining part of this section, an example of image gating will 

be given. The original simulated image can be seen in Fig.3.3.S; a six 

pOint-scatterer configuration was used. Two scatterers will be 

isolated, the gate setting shown in Fig.3.3.6, followed by the gated 

image in Fig.3.3.7. 
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Fig.3.3.5 Simulated image of six point scatterers 
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1.23 
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Fig.3.3.6 Gate setting to isolate two point scatterers 
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Fig.3.3.7 Gated image 

For comparison purposes, Fig.3.3.8 displays the theoretical image of 

two point sources, showing good agreement with the gated image. 
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Fig.3.3.8 Theoretical image of two point sources 
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4. RCS MEASUREMENTS ON THE COMPACT ANTENNA TEST RANGE 

In section 2.5, a correction procedure which can be used to remove the 

errors in ReS scattering patterns caused by nonplanarity of the 

illuminating field, has been described extensively. In this chapter, 

the measurement range and the hardware setup for radar measurements 

wi 11 be presented first. The determination of the absolute RCS in 

dBsm, an essent ial quant i ty in ReS engineering. is discussed in 

section 4.2. In order to predict the loss in boresight ReS caused by 

amplitude and phase deviations in the incident field. an ReS reduction 

factor, analogous to the gain factor in antenna measurements, is 

introduced. Numerical simulations and experiments, which have been 

used to verify the theoretical analysis, will be presented as well. 

This chapter concludes with experiments intended to investigate the 

validity of the correction procedure for two-dimensional targets. 

4.1 The Compact Antenna Test Range 

Far-field conditions, which are necessary to conduct RCS and antenna 

measurements, can be created indoors by using a reflector, a 

combination of reflectors or a lens. This is the Compact Antenna Test 

Range (CATR) method and it is, in case of a single parabolic 

reflector, schematically represented by Fig.4.1.1. 

The spherical waves produced by the feed are converted into plane 

waves, creating a test zone with far-field conditions at a relatively 

short distance[25]. The CATR is usually located in an anechoic 

chamber. Some problems inherent in the compact antenna test range 

method which can cause deviations in the plane wave across the test 

zone include: direct radiation from the feed, multiple reflections, 

diffraction from the edges of the reflector. nonldeal feed 

characteristics and reflector-surface inaccuracies. 
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parabolic 

test zone 

source/receiver 

Fig. 4.1.1 Single-reflector compact antenna test range 

Instead of using a single parabolic reflector. a configuration with 

two cylindrical reflectors can be used [1,26]. These reflectors are 

placed in such a way that the individual focal lines F and Fare 
s m 

perpendicularly oriented to each other, Fig.4.1.2. 

main 

sub 

reflector 

F I 
II j 

!F' _ ....... _*._._.-
" I F' ",,/! s 

I 
I 

test zone 

~--'fJ~-
source/receiver 

Fig. 4.1.2 Dual reflector compact antenna test range 
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The source feed, having a phase centre F, is placed on the focal line 

F of the sub reflector so that the virtual phase centre F' is located 
s 

on the focal line (F ) of the main reflector and the virtual focal 
m 

line (F ) of the sub reflector. 
s 

The ratio between the diameter of the test zone and the diameter of 

the reflector, the so-called efficiency factor, is typically higher 

for the dual-reflector configuration (typically 0.5, single 

reflector: 0.25). Furthermore, the relatively simple structural 

geometry of the cylindrical reflectors allows a high surface accuracy 

to be obtained in the manufacturing process. 

At the Eindhoven University of Technology, a Compact Antenna Test 

Range using two cylindrical paraboloids is operational. This facility 

has been used to conduct all measurements where pseudo plane-wave 

illumination was required. 

Absolute RCS calibration 

In order to express the measured RCS return in absolute dBsm-values. 

appropriate absolute calibration has to be performed. In absolute 

calibrations, the return from a standard target with a well known 

cross-section, usually a sphere, is measured beforehand. After 

measuring the RCS of a target, its return Is compared to the acquired 

calibration data. It is quite obvious that the calibration procedure 

is essential when it comes to determining the correct absolute RCS 

value in dBsm. Another purpose of the calibration procedure is to 

remove the systematic measurement errors [27}. These unwanted 

contributions in RCS measurements consist of: 

• Leakage and empty-room effects. 

All Signals received together with reflections from the test 

target when no target is present. These include: leakage between 

transmit and receive antennas and all reflections and diffraction 

from the measurement range. 
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Range-target reflections. 

Range-target reflections depend on target geometry and on aspect 

angle, this contribution being zero when no target is present. 

Examples of range-target reflections include: multipath 

reflections caused by target-support-target interaction and 

shading of the back wall of the chamber. 

• Frequency response. 

This error contribution includes: all RF instrumentation 

characteristics after the signal directional coupler (RF cabling, 

range space attenuation, antenna gain). Impedance mismatches 

which cause reflections are also considered as a 

frequency-response error. 

Fig.4.1.3 illustrates the RCS measurement-error model. 

R 
s 
eference 
ignal 

cal.only Range-Target 
...... ... ..... -. ... ~ ... ,,.'_H. . ........... , ........•.... --+ 

Reflections 

test test 
signals 

t 
Frequency Test 

, Response Objects 

Leakage and 

Empty room 

Fig.4.1.3 The RCS measurement error model 

Finally. the calibration procedure shifts the zero range plane from 

the test set ports to a position in the test 'zone (zero down range). 
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The hardware configuration 

The hardware setup of the CATR is shown schematically in Fig.4.1.4. 

The heart of the data acquisition setup is the HP 8510B vector network 

analyzer. The HP 8510B network analyzer can be used in a configuration 

which allows swept-frequency RCS measurements to be made. Some 

important features of the HP 8510B are: 

• Error corrections: removal of leakage and empty-room effects 

• Time domain gating: removal of range-target reflections 

Other components in the data-acquisition configuration are: 

- HP 8511A frequency converter 

- HP 8340B synthesized sweeper 

- Positioner system, power control unit, positioner controller 

- MicroVax II computer system with VMS operating system 

- peripherals Digital LA210 letter printer 

HP 7475A plotter 

HP Laserjet printer 

The data acquisition and processing software is the ARCS (Antenna & 
Radar Cross Section [28]) software package for automated antenna and 

radar cross section measurements. 
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Flg.4.1.4 The hardware setup of the CATR 
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4.2 Absolute ReS determination in dBsm values 

When the rotating target method is used to determine the amplitude and 

phase distributions of the illuminating field, it is of utmost 

importance that the resulting correction coefficients are independent 

of the absolute ReS level of the reference target itself. This is 

archieved by normalizing the quiet-zone field data. 

4.2.1 Theoretical outline 

Normalization of the correction coefficients 

The plane-wave zone can be characterized by its plane-wave spectrum: 

a/2 

Sm CS ) =! I E(x)exp(J2nmx/a)dx 

-6/2 

(2.4.4) 

In this case, the two-way field is considered because the correction 

coefficients are computed using two-way data. 

This Fourier transform pair has to satisfy Parseval's 

equation [29,p.25]: 

a/2 
co 

L 
m=-co 

= + I 1 E(x) 12 dx 
-6/2 

(4.2.1) 

In case of a perfect plane wave (E(x)=l), Eq. (4.2.2) results: 

co 

L 1 S 12 = 1 
III 

(4.2.2) 
III=-CO 

If the incident wave deviates from the ideal plane-wave condition, 

Eq.(4.2.2) has to be satisfied. In this way, the discrete plane-wave 

components are normalized to contain the same amount of total energy, 

independent of the reference target used. This results in the 

following normalization factor for the correction coefficients: 
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L/2 

J I E(x) 12 dx 

= (4.2.3) 

E(x) = two-way data 

The normalization procedure has been implemented in program QZCAL (see 

sec. 2. 51. 

RCS reduction factor 

We will now introduce the RCS reduction factor; which can be 

interpreted as the extension of the gain factor used in antenna theory 

to RCS application. 

In antenna theory. the gain function of a one-dimensional aperture 

antenna is given by [14.p.177]: 

GCe) = 
;> .. ~ 

n 

L/2 

I J 
-L/2 

E(x)(cos6+S )exp(jkxsineldx z 

S dx z 

For RCS applications. we can write: 

L/2 

J 2 12 E1(x)(cose+Sz)exp(J2kxslne)dx 

11 -L/2 = --- --------~~------------------------A2 L/2 

J IE~(X) 12 Sz dx 

-L/2 

E1 (x) = one-way illuminating field 

71 

(4.2.4a) 

(4.2.4b) 



In equation 4.2.4b, E (x) is the illuminating field and S 1s the 
1 z 

magni tude of the z-component of the unit vector along the aperture 

ray. If the aperture rays are parallel to the z-axis. that is, the 

phase distribution is constant over the aperture. then Sz=l and the 

maximum value of this function 1s given by: 

L/2 

1 I 2 E1 {x)dx 12 

GT(O} 4n -L/2 
=-

;\2 L/2 

II E2 (x) 12 dx 
1 

(4.2.5) 

-L/2 

In case of perfect plane-wave illumination, Eq.(4.2.5) reduces to: 

GT(O) = 
o 

4nL 
;\2 

(4.2.6) 

The ratio RF=GT(O)/GT(O) 1s called the Res reduction factor and it can o 
be regarded as the loss in maximum boresight ReS due to deviations 

from the plane wave. 

L/2 

1 I 2 12 

1 
El (x)dx 

RF 
-L/2 (4.2.7) =-

L 
L/2 

II E2 (x) 12 dx 
1 

-L/2 

The effect of phase errors 

The RCS reduction factor has been introduced while assuming that the 

phase distribution of the illuminating field is constant across the 

target. We will now consider the effects of systematic phase errors, 

linear and quadratic, on the measured scattered field. Linear phase 

errors occur, for instance. when there is a slight disallgnment of the 

target while quadratic phase errors can be a consequence of defocusing 

of the feed in a collimating system or finite separation in far-field 

ranges. Moreover, in case of the single-plane collimating range, the 
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phase deviation across the target due to the cylindrical nature of the 

illuminating field, is inherent in the measurement technique. 

If we consider an angle-independent two-way phase-error distribution 

t(x), the scattered field of a straight bar can be written as: 

L/2 

S(u) = J E(xlexpj(ux-t(x»dx 

-L/2 

where u = 2jksina 

Linear phase error 

(4.2.8) 

In this case, t(x) = ~x and, after substitution in Eq. (4.2.8) we find: 

L/2 

SLE(u) = J E(x)expJx(u-~)dx 
-L/2 

(4.2.9) 

It can easily be seen that the pattern S (u) is only shifted in the LE 
u-domain, the maximum appearing at: 

0: = arcsin [ -;-:-- ] (4.2.10) 

• Quadratic phase error 

The phase-error distribution function can be described by t(x) = ~x2 
thus the scattered field can be written as: 

1./2 

SQE(u) = J E(x)expj(ux-~x2)dx 
-1./2 

(4.2.11) 

The analytical evaluation of this type of integral is quite involved. 

However, for small phase errors, an apprOXimation can be given in 

terms of derivatives of the error-free pattern [14.pp.188-190]. 
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A qualitative analysis of the effects of such a phase distribution 

reveals that the resul ting scattering pat tern is symmetrical around 

«=0 because of the symmetry of the phase-error distribution. 

Furthermore, it is found that the peak intensity will decrease and 

that the level of the minima and the sidelobe levels will increase; if 

~ becomes sufficiently large, the pattern will become bifurcated. 

According to [14,p.162], S, which represents the magnitude of the 
z: 

z-component of the unit vector along the aperture ray, is given by: 

S 
z: 

S 
x 

1/2 
= (1 _ S 2) 

x 

1 
a~(x) 

= 
k ax 

where k = 2nlA 

~(x) = two-way phase distribution 

across the target 

(4.2.12) 

(4.2.13) 

As we have already seen; S = 1 in case of a constant phase 
z: 

distribution The two-way phase distribution in case of 

cylindrical-wave illumination can be written as (Eq. (2.5.18»: 

This results in the following expression for S 
z: 

S = 
z: 

• R > r3.x 

(4.2.14) 

(4.2.15) 

By substituting this result in Eq.(4.2.4b), an expresslon for the RCS 

reduction factor. in case of cylindrical-wave illumination, is found. 
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In this section. we have seen that the RCS reduction factor can be 

used tp predict the loss in absolute boresight RCS level and this 

should coincide with the increase in maximum boresight RCS after the 

correction procedure in which normalization has been implemented. In 

the next sections. numerical simulations and experimental verification 

will be presented. 

4.2.2 Numerical simulations 

The two cases which have been discussed in the previous chapter will 

be simulated. The effect of. in the first place. a constant-phase 

distribution having a tapered amplitude and. in the second place. a 

field distribution caused by a cylindrical wave, will be analyzed. 

• Constant phase, tapered amplitude distribution 

The two-way illuminating field is described by: 

E{x) 1-px 2 for Ixl~ L/2 = 
= 0 for Ixl:: L/2 (4.2.16) 

where p = 
4(1-fi) 

L2 
, 0 ~ fi ~ 1 

E(x) 

1 

[~ 
-x 

Fig. 4.2.1 Assumed two-way illuminating field distribution 
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The scattered field can be calculated using Eq. (2.4.2): 

L/2 

S(u) = A I (1-px2)exp(Jux)dx = 
-L/2 

= A ( faL + 8 (l-fa) 

Lu2 

where A = 

) 
sin(uL/2) 

(UL/2) 
4A(1-fa) cos (uL/2) 

u (uL/2) 

f = used frequency 
b = height bar 
c = 2.997E8 mls 

(4.2.17) 

The RCS reduction factor can be calculated by inserting Eq. (4.2.16) 

into Eq. (4.2.7): 

I J (l-px
2

ldx 12 
( 1 -

(l-ld r 3 
L RF= = (4.2.18) J 2 2 

2( 1-fa) (l-fa)2 
1 (l-px )1 dx 1 - 3 

+ 5 
L 

• Cylindrical wave illumination 

The illuminating field distribution (two-way) is given by Eq. (2.5.18): 

R 
E(x) = ----

Consequently, the scattered field Is described by: 

L/2 

stu) = J 
-L/2 

R 
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The simulation scheme 

The simulation sequence is depicted in Fig.4.2.2: 

enter refe- enter 
rence target target 

parameters parameters 

D£LSIH,PHASIH D£LSIH,PHASIH 

S (u) St(u) 
r 

QZCAL 

------------------------q~n~)I~ ____ Q_Z_C_O_R ______ ~I~ 

Fig. 4.2.2 Correction procedure with simulated data 

corrected 
S (u) 

t 

The scattered field of a straight bar as a function of aspect angle is 

computed by program DELSIM (constant phase) or program 

PHASIM (cylindrical-wave illumination). Required simulation parameters 

are: 

• Frequency (GHz) 

Length and height bar (m) 

• Scan angle (deg) 

• Delta (only for DELSIM) 

• Distance source - centre of rotation (only PHASIM) 

Simulation results 

• Constant phase, tapered amplitude 

Fig. 4. 2. 3a shows the scattered field as a result of the assumed 

distribution with A=O.25 at f=10GHz and the corrected scattered field. 

The 1lluminating field and the synthesized field are depIcted in 

Fig.4.2.3b. The absolute maximum is corrected from 18.587 dB to 18.957 

dB, a difference of 0.37 dB. exactly the value predicted by using 

Eq(4.2.18) . 

.. 
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Fig. 4.2.3 Simulation results. A=O.2S 

(a) Uncorrected and corrected RCS 

(b) Uncorrected and corrected illuminating field 
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In table 4.2.1 some values of the reduction factor for different 

A-values are given. 

Table 4.2.1. RCS Reduction factor for some A values 

A RCS red. factor (dB) 

1.00 0.0 

0.80 0.0026 

0.50 0.132 

0.25 0.370 

0.10 0.595 

0.00 0.794 

Simulations have been made using different reference-target heights 

and different field distributions (A), all giving very satisfying 

results. The loss in absolute boresight RCS is predicted correctly by 

the RCS reduction factor. 

Cylindrical-wave illumination 

We can calculate the distance R at which we expect a phase deviation 

of ~n radians (0 s ~ s 2): 

4n 

L2 
R =--- (4.2.20) 

2)'~ 8 

We assume a frequency of 10 GHz and a target length of 1m. Table 4.2.2 

summarizes the results for edge phase deviations of in. 11 and 2n 
radians. The difference in absolute boresight RCS before and after 

correction are compared with the RCS reduction factor showing. as can 

be seen. very good agreement. 
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Table 4.2.2 Simulation results for various phase edge deviations 

Edge deviation R Corr.-Uncorr.RCS, «=0 
0 

RF 

(radians) (m) (dB) (dB) 

1 33.33 0.968 0.969 - 'It 
2 

'It 16.67 4.035 4.038 

2 'It 8.33 10.477 10.475 

Fig. 4.2.4 shows the uncorrected and corrected RCS for a phase edge 
o 

deviation of 90 . 
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4.2.3 Experimental verification 

In the previous section, the validity of the correction technique, 

especially with regard to the absolute boresight RCS level, has been 

verified using numerical simulations. In this section, the 

normalization procedure is validated using measured data. 

Precision bar experiments 

The absolute (boresight) RCS of a straight bar is sensitive with 

respect to the accuracy of its reflecting surface. As we are, in this 

case, interested in the correct determination of the absolute Res, 

errors resulting from surface inaccuracies have to be minimized. 

Targets satisfying this condition were not readily available so two 

bars with an extremely accurate reflecting surface were manufactured. 

A 2m bar (height = 5 cm) is used as the reference target to determine 

the correction coefficients. The Res of a 1.5m bar (height == 5 em) 

will be corrected using these correction coefficients. 

The measurements have been performed at various frequencies from 

2.45 GHz to 18.6 GHz. Two elements of the polarization matrix have 

been determined having equal transmit and receive polarizations: HH 

and VV. 

Fig.4.2.5-4.2.7 show the results of measurements and corrections at 

f=4.97 GHz, f=10.02 GHz and f=15.94 GHz. VV-polarization. First, the 

illuminating CATR field, amplitude and phase, and the angular spectral 

components are given. Subsequently. the measured RCS versus angle of 

the 1.5m preCision bar and the corrected Res data Is shown, followed 

by the "synthesized" illuminating field (amplitude and phase 

distributions and spectral components) obtained by Fourier 

transforming the corrected Res pattern. 

In appendix I the results at the various frequencies regarding the 

absolute boresight Res values are summarized for both polarizations. 
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Analysis of the results 

The measurements were performed on the dual-reflector CATR using the 

AEL 6100 feed system. This feed system dIsplays a pronounced amplItude 

and phase taper at higher frequencies (f>12 GHz). At f=15.94 GHz, the 

ampli tude taper of the illuminating field across the test zone is 

approximately 2.2 dB for HH-po1arization and 3.0 dB for 

VV-polarization. The phase taper across the test zone is approximately 

10 degrees. As the frequency increases, the amplitude and phase taper 

become more pronounced. Therefore, the absolute boresight RCS differs 

more from the theoretical value calculated with Eq. (4.2.21), as 

predicted by the RCS reduction factor. 

0" = 
max 

10 Lo [4nA 
g10 2 

A 
] in dBsm 

where A = area of reflecting surface 

A = wavelength used 

(4.2.21) 

The results (see Appendix I) indicate that good agreement exists 

between the predicted loss in absolute boresight RCS (reduction 

factor,sec.4.2.1) and the actual increase in maximum RCS after 

correction at almost all frequencies. 

In comparing the corrected absolute maximum RCS with the calculated 

theoretical values, the following remarks are in order: 

- The measurements have been made in three frequency intervals; the 

start and stop frequencies in each interval should be disregarded. 

- There is a reasonably good agreement for frequencies between 5 and 

12 GHz «1dB); the discrepancies at frequencies outside this 

interval are maximally 1.5 dB. 

The reasons for the discrepancies are: 

1. The calculation of the theoretIcal maximum RCS is based on PO 

techniques; at the lower frequencies this approximation becomes 

less accurate. 

2. The calibration procedure: during the calibration, a metal sphere 

wi th a diam.eter of 5 cm is placed at a fixed post tion. The 

Illuminating field is assumed to be perfectly planar and this is 

obviously not the case. 
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3. Misalignment of the target; a slightly inclined or declined target 

results in a decrease in reflectivity. at higher frequencies this 

effect can be of considerably more influence than at lower 

frequencies. 

4. Bistatic effect due to the configuration of the feed system used. 

The AEL 6100 feed system consists of two horns, 

the distance between the phase centres of the horns being 

approximately 140mm. As a consequence, a bistatic angle of 2.2 

degrees results. This effect will be greater as the frequency 

increases. 

Inclined reference target measurements 

Using a tapered bar as the reference target is justified by 

considering its scattering pattern which is more directive compared to 

flat-end bars [20]. Fourier transformation of the scattering pattern 

is used to determine the illuminating field. In practice, the 

scattering is measured in a limited angular section and as a 

consequence, a more directive scattering pattern will result in a more 

accurate illuminating field. 

-60 DUn 

Fig.4.2.8 Tapered reference bar 

As it has been outlined before, normalization of the correction 

coefficients is necessary to make the correction procedure independent 

of the absolute RCS of the reference target. 
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To verify this experimentally, the incident field should be computed 

from two totally different scattered fields. This is archieved by 

computing the illuminating fields from: 

a. The scattered field of the 2.5m tapered reference bar. 

b. The scattered field of the same reference bar rotated around its 

longitudinal axis. 

First. the bar is placed in the usual upright position and the 

scattered field is measured. In the second case, the bar is inclined 

in the forward direction, the inclination angle being approximately 
o 

35 . The measurement situations are depicted in Fig.4.2.9. 

(a) (b) 

Fig.4.2.9 Reference bar placed in (a) upright position 

(b) inclined position 

This resulted in two measured scattered fields where the maxima differ 

by 20 dB as can be seen in Fig.4.2.10. 
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In figure 4.2.11 the uncorrected ReS pattern together with the 

corrected patterns are shown. It can be seen that the 20 dB difference 

in absolute ReS of the reference target is of no influence on the 

corrected absolute maximum ReS of the target (corrected absolute 

maxima: in upright position: 13.40 dBsm, in inclined position: 13.41 

dBsm.) It can be concluded that the normalization procedure works 

correctly. 
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(b) Corrected RCS with ref. target data in inclined position 
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4.3 Offset-rotated bar experiment on the CArR 

An important feature of the correction procedure discussed in 

section 2.5 is that the field-error compensation coefficients are 

computed from a single reference-target measurement, the so-called 

rotating target method. However. since the Fourier transformation 

relates the scattered field to the cross-range field at zero down 

range, the correction coefficients are basically valid at this 

down-range position only. In practice, radar targets occupy a certain 

volume in space. If we limit our analysis to two dimensions and if we 

consider a bar rotated with the original, zero down-range centre of 

rotation, it is obvious that the correction coefficients will have a 

limi ted effect, unless the cross-range field is independent of the 

coordinate along the propagation axis. 

Let us consider a straight bar placed at a nonzero down-range position 

while the centre of rotation remains at zero down range: 
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range 1 

Fig.4.3.1 Offset-rotated bar 

-cross-range 

We are, in the end, interested in the scattered field of the bar while 

being illuminated by a perfectly planar wave: 

L/2 

Sea) = exp(-2jkycosa) J exp(2jkxsina) dx 

-LI2 

(4.3.1) 

The RCS of an offset-rotated bar placed in a nonuniform field should 

be corrected to satisfy this expression. 

Experiments with dual offset-rotated bars 

In this series of measurements, two straight aluminum bars are placed 

on a styrofoam support as depicted in Flg.4.3.2: 
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Fig.4.3.2 Target-support system 

A 2.5m tapered aluminum bar is used as a reference bar, see Fig.4.2.8. 

Measurements have been done in two frequency ranges: 2-7 GHz and 

7.2-13.2 GHz. HH and VV-polarizations have been used. 

First. the reference target is rotated in azimuth at zero down range 

and the correction coefficients are determined. The scattering of a 

single target is then measured at zero down range. Finally, the RCS of 

the so-called combined target is determined. 

The measured RCS data is then corrected and further data processing is 

done. Fig.4.3.3 summarizes the measurements and data processing. 
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Reference target 
measurement at 
zero down range 

- Correction coeff. 

RCS measurement of 
single target at Corrected RCS zero down range 

~ 
RCS measurement of 
combined target Corrected RCS 

--+ Image of both targets r+-

1 1 
~_G_a_t_e_d __ i_m_a_g_e __ O_r __ R_cs __ ~1 I Gated corrected image or RCS 

Fig.4.3.3 Combined target measurements and data processing 

Images (corrected and uncorrected) of the combined target are made 

with the program IMAGE [21]. As we have seen in the previous chapter, 

an image of an object represents a spatial distribution of its 

reflectivity. Two-dimensional images require sufficient frequency 

bandwidth for down-range resolution while cross-range resolution is 

ensured by acquiring data wi thin a sufficiently large aspect-angle 

interval. Fig.4.3.4 shows the image of the measured data. 
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Image gating [22] can be used to analyze an isolated part of the 

scatterer. In this case, a single bar is gated out and the RCS versus 

aspect angle can then readily be determined and analyzed. In Fig.4.3.S 

the RCS of the isola ted targets, resul ting from the ga ted images, 

uncorrected and corrected, are shown. 

Analysis of the results 

The bar at -1m down range has been positioned above the plate on top 

of two lS cm long supports (see Fig.4.3.2) to prevent shading by the 

styrofoam plate as much as possible. At f=9.99 GHz no clear 

improvement can be seen. It can thus be concluded that application of 

the correction technique in this situation does not correct the data 

appreciably. However. it is also important to notice that applying 

the correction technique certainly does not degrade the data. 
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Offset experiments with a single bar 

In the previous experiments, the target-support-target interaction 

caused some shading of the bar at the backside. In order to verify the 

resul ts of the previous experiments and to exclude any incorrect 

conclusions, offset experiments have been conducted using a different 

target-support system .. In these experiments, a single bar is placed on 

a conical styrofoam column and the entire column is shifted on a 

specially constructed platform. In this way, the RCS of the offset ted 

target can be measured and no image gating has to be performed 

afterwards. The target-support system is shown in Fig.4.3.6. 

Fig.4.3.6 Target-support system 

The measurements were performed for the frequencies between 7.2 and 

13.2 GHz. for HH and VV-polarization. The 2.5m tapered bar is used as 

a reference target rotated at zero down range. A 1.1m aluminum bar Is 

used as the target and the RCS is measured at 3 down-range positions: 

Om (zero down range).0.5m and 1.0m. The results at down-range 

posItIons O.Sm and 1.0m at £=9.99 GHz. HH-poiarization can be seen In 

Fig.4.3.7. 
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Analysis of the results 

It can be seen that the measured RCS data of the offsetted targets 

have been corrected slightly. Due to the non-systematic variations of 

the illuminating field in the propagation direction, errors are 

introduced in the correction procedure. The correction coefficients 

have been computed using zero down-range field information and, as a 

consequence of the axial field variation, are actually only valid at 

zero down range. However, the axial field variation within the test 

zone is 11mi ted and therefore the RCS data is not degraded by the 

correction procedure. In this case, the variation in the illuminating 

field at 1. Om down range is larger than the variation at O.Sm down 

range. Consequently, the correction seems more effective at O.Sm down 

range. A comparison between the results of the "combined target" 

experiments with the results of these experiments reveals that the 

target support in the former experiments has had a slight influence on 

the RCS measurement and subsequent correction. Finally. it can be 

concluded from the experiments that the effectiveness of the 

correction process wi th zero down-range correction coefficients for 

off-set ted targets depends on the (non-systematic) axial variation of 

the field. The correction procedure does not degrade the results as 

long as the variation is not excessive. 

104 



5. RADAR CROSS SECTION MEASUREMENTS USING CYLINDRICAL WAVE 

ILLUMINA TION 

As it has been mentioned in section 2.1, the development of the Single 

Plane Collimating Range (SPCR) has actuated the interest in near-zone 

radar cross section measurements. The near-zone measurements can be 

seen as the initial step in determining the far-field ReS. Obviously, 

the next step consists of extrapolating the near-field data by means 

of an algorithmic process. For this purpose, the implementation of the 

correction procedure discussed in section 2.5 will be analyzed. 

In the first section, the theory is derived for the elementary case 

where a bar is rotated in the origin and it is then extended to hold 

for arbitrary two-dimensional targets. The effects of measuring in the 

near zone and of the extrapolation procedure on the ISAR imaging 

process are given as well. In section 5.2, the limiting factors which 

are inherent to the measurement technique and to the extrapolat ion 

procedure will be discussed. Finally, in section 5.3, the results of 

measurements. conducted at the Arizona State University, will be 

presented. 

5.1 Theoretical outline 

When an antenna or target under test is illuminated by a cylindrical 

wave, a very large, separation-dependent, phase taper across the 

target in one direction will result. Fig.S.1.1 shows the specific 

coordinate geometry associated with a cylindrical-wave illUmination 

test environment; the target is placed in such a way that its centre 

of rotation coincides with the origin of the coordinate system. 

lOS 



Fig.s.l.l Cylindrical observatIon geometry 

source/ 

receiver 

We are eventually interested in the extrapolation of near-zone RCS 

measurements to the far zone and consequently, perfect cylindrIcal 

illumination is assumed, that is, additional amplitude or phase errors 

are not considered. Furthermore. our analysis will be restricted to 

two-dimensional targets located in the u-v plane. 

In view of the experimental pract!cabili ty. we will initiate our 

analysiS usIng a straight bar located at the origin. referred to as a 

centre-rotated bar. In order to analyze the scattering in the near 

zone and the eventual extrapolation to the far zone of two-dimensional 

targets, a straIght bar is displaced in down range, keeping the origin 

as its centre of rotation. This will be indicated as the 

offset-rotated bar. Finally. a conflguration of point scat terers in 

the u-v plane will be used to simUlate an arbltrary. two-dimensional 

target. 
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5.1.1 Centre-rotated bar 

A schematic representation of a straight bar illuminated by 

cylindrical waves is given in Fig.5.1.2. 

R(x,a) \ 
\ 
\ 
\ 
\ 

v 

f 

\ 
\ 

R / 

I 
/ 

/ 
/ 

radar system 

- u 

Fig.5.1.2 Straight bar illuminated by cylindrical waves 

The coordinates u,v are fixed to the radar system while x and yare 

target-fixed coordinates. The near-zone scattered field as a function 

of the aspect angle a is given by: 

L/2 

sea). J E
t 

ex) 

-L/2 

R -2jk[R(x,a) - R] 
---------- e dx 

R(x,a) 

R(x,a} can be found by applying the cosine-rule: 

R(x,a) = / x2 + R2 - 2xRsina 
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The amplitude function RIR(x,a) accounts for the difference in 

propagation distance. that is, it describes the space-attenuation 
x distribution over x as a function of aspect angle. If we let (R)~O, 

the scattered field of a straight bar illuminated by perfectly planar 

waves is obtained. 

Eq. (5.1.1) can be rewritten as: 

L/2 2jkxsina 
Sea) = J E(x,a) e dx (5.1.3) 

-L/2 

R -2Jk[R(x,a) - R + xsina] (5.1.4) 
where E(x,a) = ----e 

R(x,a) 

In section 2.5. a correction technique which can be used to remove the 

effects of non-planari ty of the illuminating wave, has been 

introduced. It is assumed that the illuminating field is independent 

of the aspect angle a. In section 4.2.1, it has been shown that for 

quadratic phase errors amounting up to 2n radians at the edge, the 

correction procedure can still be applied successfully. Near-zone 

measurements, where phase deviations exceed 2n radians by far, can 

thus apparently be extrapolated to the far zone by using this 

procedure. It is, however, not the amount of phase error at the edge 

but the aspect-angle dependency of the illuminating field that imposes 

restrictions on the correction/extrapolation procedure. One can easily 

ascertain, by inspection of Eq. (S.1.4), that the illuminating field is 

indeed a-dependent. 

According to [4], R(x,a) can be approximated by expanding the square 

root in a power serles whUe keeping the lower order terms if the 

following condition is satisfied: 

(5.1.5) 

Thus we have: 
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R(x,a) = I X
2 + R2 - 2xRsina 

R - xsina + (5.1.6) 
2R 

This approximation is substituted into Eq. (5.1.3). while realizing 

that the amplitude factor RIR(x,a) is considerably less sensitive to 

approximations in R(x,a) than the exponential factor is: 

L/2 

sea) = J e 
-L/2 

2 
X 2 -2jk - cos a 

R e 
2Jkxsina 

dx (5.1. 7) 

The extrapolation to the far zone of near-field data using the 

correction procedure described in section 2.5 is thus, as a 

consequence of the a-dependency of the cross-range distribution, 

limi ted in use. In the correction procedure, or in this case the 

extrapolation procedure, the rotating target method is used to 

determine the cross-range field distribution by Fourier transforming 

the measured scattered field of a reference target. The assumption 

that the cross-range field distribution is independent of the aspect 

angle is inherent in the Fourier transformation. From Eq. (5.1. 7) it 

can be seen that the extrapolation coefficients computed from measured 

scattered-field data will be approximately those belonglng to the 

situation where E(x)=E(x,a=O). If these coefficients are used to 

extrapolate measured target data to the far zone, errors wlll occur, 

especially at the larger aspect angles. 

It is assumed that the extrapolation coefficients are computed from 

the following cross-range distribution: 

-Jkx2
1R 

E(x) = e (s.l.S) 

According to Eq. (2.5.4). the extrapolated scattered field 1s then 

described by: 
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L./2 2 

J 
-2Jk x 2 2Jkxsinex - COS IX 1 D(ex) R dx = = e e 

2 

e -jkx IR 
-L/2 

L./2 2 

J 
-jk x 2 2jkxsinex Ii sin ex 

e e dx (5.1.9) 

-L./2 

In this case, a limit on allowed target dimension or on maximum 

angular span can be derived, using a maximum allowed phase error of 

n/4 radians in the residual phase factor in Eq.(5.1.9): 

AR 

• Limit on target dimension: 

L 
max = ( 

AR ) 1/2 

2sin2(~ ex ) 
2 sp 

where ex = angular span 
sp 

• Limit on angular span: 

( 
AR )112 

ex = 2 arcsin --
sp,max 2L2 

(5.1. 10) 

(5.1.11) 

(5.1.12) 

Table 5.1.1 summarizes the maximum angular span for various target 

diameters and source-target separation distances at f=10 GHz. 
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Table 5.1.1 Maximum angular span allowing n/4 phase error 

f-l0 GHz, values in degrees 

R (m) 

L (m) 8 10 12 

1.0 40.5 45.6 50.2 

1.5 26.7 29.9 32.9 

2.0 19.9 22.3 24.5 

2.5 15.9 17.8 19.5 

As long as lals a ,the residual phase-error contribution due to 
sp,max 

the a-dependent factor is less than n/4 radians and consequently, the 

resulting errors in the extrapolated data will be limited and 

acceptable. It is furthermore noted that the a-dependent phase 

contribution depends quadratically on a, this being reflected in the 

phase pattern of the scattered field. The extrapolation coefficients 

are computed using Eq.(5.1.8), the a-dependent phase factor is thus 

not eliminated. As a consequence, the envelope of the extrapolated 

phase pattern will display a quadratic dependency on the angle. 

Fig.5.1.3 shows the simulated near-field response of a straight bar, 

the extrapolated far-field response and the simulated far-field data. 

It can be seen that the extrapolated response is in good agreement 

with the actual far-field response. As it has been predicted 

theoretically. the extrapolated phase pattern, which should ideally 

resemble a square wave, displays a quadratically growing phase error. 

Using Eq. (5.1.9) we are able to calculate the quadratic phase shift at 
o 

an arbitrary aspect-angle position: at a=20 the predicted phase error 
o 

is 30 • coinciding with the extrapolated value. 
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It can be seen from Eq.(5.1.9) that in order to account for the 

«-dependency of the illuminating field across the target, thus 

minimizing the resulting error in the extrapolated data, «-dependent 

extrapolation coefficients have to be computed. 

The extrapolated, far-zone scattered field can then be written as: 

co 
D(u) = L qn(u) S(u - 2nnlL) (5.1.13) 

n=-co 

The extrapolation coefficients: 

L/2 

J 
j 

an 

1 - nx 
1 L dx qn = - e = L E(x,«) 
-L/2 

L/2 kx2 

J 
j 

2 
j 

2n - (1-« ) - nx 
1 R L dx (5.1.14) = - e e 
L 

-L/2 

The «-dependent extrapolation coefficients can, in case of a priori 

known field distributions, be calculated using Eq. (5.1.14) (or if no 

approximations are made, E(x,«) as given in Eq.(5.1.4». Compared to 

the «-independent case, a considerable additional computation effort 

is required. It is, however, when using the rotating target method, 

not possible to determine the field distribution E(x.«) from an actual 

reference-bar measurement. E(x, «) can be computed using the field 

distribution at down range zero and program DRANGE [18), which can be 

used to calculate the test zone field at other down-range positions 

from "zero down range" spectral components. 

In practice. additional amplitude and phase deviations can often be 

neglected and therefore, the field distribution described by 

Eq. (5.1.4) can safely be used to compute the extrapolation 

coefficients. These precomputed coefficients can then be used to 

estimate the far-zone RCS response from near-field measurements. 
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5.1.2 Offset-rotated bar 

The next step in the analysis of the extrapolation procedure is to 

consider an offset-rotated bar, schematically depicted in Fig.5.1.4: 

/ 
I 

I 

/ 
/ 

/ 

source/receiver 

-u 

Fig.5.1.4 Schematic representation of an offset-rotated 

bar, illuminated by cylindrical waves 

An expression for the near-zone scattered field can be found by using 

Eq.(S.l.l) and by realizing that, at every aspect angle, the bar can 

be considered to be rotated around a new centre of rotation. 

characterized by the distance R' and the angle 1: 

R' = / R2 + y2 + 2yRcoSfX (5.1.15) 

1 = arcos (5.1.16) 

Due to the displacement from the centre of rotation, an additional 

factor must be incorporated: 
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A orr 
R =-e 
R' 

2JkCR-R' ) 
(5.1.17) 

The scattered field can be determined by using Eq. (5.1. 1), hereby 

replacing R by R', " by 7 and adding the factor A 
off 

L/2 

Sorr (a) J 
R -2jk(R' (x,Y.") - R) 

= Et(x) e dx (5.1.18) 
R' (x,y,cx) 

-L/2 

where R' (x,y,") = IR2 + x 2 
+ y 2 

+ 2yRcosa - 2xRsina 

If we let R~=, the expression for the scattered field of an 

offset-rotated bar illuminated by perfectly planar waves is obtained, 

Eq. (4. 3. 1) . 

As in the previous section, R' (x,y,a) can be approximated by expanding 

the square root into a power series, neglecting the higher order terms 

if Eq. (5.1.5) is satisfied: 

R' ( ).; R2 2 2 2 R 2xR i x,a,y = + x + y + y cosa - s na ~ 

Q; R + 

2R 

= R + yCOS" - xsincx + 

2 (ycoscx - xsina) 

2R 

x2cos2a + y2s1n2cx + xysln2a 

2R 
(5.1.19) 

This approximation is substituted into Eq. (5.1.18), once again 

disregarding the amplitude factor (R' (x,cx,y)=R): 

-2jkycos" L/2 
2jkxsin" J E(x,") e dx (5.1.20) = e 

) 
Where E(x,y,a) = e 2R 
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The effect of the extrapolation procedure 

One can see. by inspection of Eq.(S.1.20). that extrapolation to the 

far zone requires a set of angle-dependent extrapolation coefficients 

inversely proportional to Eex,y,a.). In the previous section we have 

seen the limitations accompanying the use of coefficients proportional 

to Eex)=exp(-Jkx2/Rl, applied to a centre-rotated bar. These 

extrapolation coefficients can also be applied to an offset-rotated 

bar. In the remainder of this section. the limitations involved in 

this application will be derived. 

Let us consider the target-fixed coordinate geometry: 

Fig.S.l.S Target geometry system rotated in the 

radar-fixed coordinate system 

If x~O and y~O we can write: 

fJ(x.y) 
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If x:sO and y<tO 

(5.1.22) 

Similar expressions can be written for the third and fourth quadrant. 

The target geometry is rotated in the radar-fixed geometry 

(u-v coordinate system), shown in Fig.5.l.5. 

The straight bar can be thought of as a discrete distribution of point 

sources located at a fixed y-position and in the interval 

x E [-L/2,L/2J. The distance from each (x,yl-point to the origin is 
2 2 1/2 • x'=(x +y) while the angle with respect to the u-axis 1S described 

by (x' =a-rp(x, yJ. 

This approach allows us to rewrite the phase of each individual 

(x,yl-point relative to the centre of rotation: 

e 

e 

-2jk(Y!R2 + x2 + y2 + 2yRcosa - 2xRsina - R) = 

-2Jk (y! R2 + X· 2 - 2x'Rsina - R) 

where x' =1 x2 + y2 

a'= (X - rp(x,y) 

(5.1.23) 

Once written in this form, the similarity between this expression and 

the one describing the relative phase distribution of a centre-rotated 

bar (Eq.5.1.3) becomes evident. Each individual point scatterer, 

characterized by x· and a', is rotated around the origin. 

Using this interpretation we are now able to study the influence of 

the extrapolation procedure on the near-zone scattered field. Once 

again. for the sake of clarity. the extrapolation mechanism in case of 

a centre-rotated bar is considered, taking full advantage of the 

analogy between the two situations. 
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vt 

x'cosa' 

-u 

SIR 

Far Field Near Field 

Fig.5.1.6 Target geometries 

The unwanted phase factor of an individual point. in case of the 

centre-rotated bar. can written as: 

A = e 
c: 

2 2 
-2jk( x cos a 

2R 

In case of the offset-rotated bar: 

A = e 
o 

-2jk( 

(5.1. 24a) 

(5. 1. 24b) 

The extrapolation can be viewed as compensation of the unwanted phase 

contributions. It can be seen from Fig. 5.1. 6a that the phase error can 

be interpreted as the result of a projection of points on the x-axis 

onto the u-axis (xcosa). This applies to Fig.S.l.6b as well. the phase 

error being the result of a projection of the (x.y)-points onto the 

u-axis (x' cosa' ). The projected data point can also be seen as the 
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projection of a point located on the x-axis, as shown in Fig.5.1.6b. 

x'coscx' = p coscx 

p = x + ytancx 

(5.1. 25a) 

(5.1. 25b) 

The coefficients used in the extrapolation procedure assume the field 

distribution E(x)=exp(-jkx2/R) along the x-axis at every aspect angle. 

(It follows then that. in a circle with a diameter equal to the length 

of the reference bar, the field is entirely characterized). It should 

be noted that the length of the reference bar must satisfy the 

following condition: 

(5.1. 26) 

This condition emphasizes the practicability of the extrapolation 

procedure in the small-angle region for cases where y~O;the required 

target length would exceed all practical dimensions. 

The use of this interpretation becomes evident once one realizes that 

the influence of the extrapolation procedure, in both cases, can now 

be wri tten as: 

jkx2 /R Ukx2 sin2«)/R 
Centre rotated: t:. • e = e (5.1.27a) 

c: 

jkp2/R 2 2 Ukp sin «)/R 
Offset rotated: t:. • e = e (5.1. 27b) 

0 

where 
3 " 2 2 2 2 

+ 2xy sin « 2 sin « (5.1.27c) p sin « = x sin « + y cos« 2 cos « 

It can be seen that for small angles («<<arctan (x/2y) ). the higher 

order terms can be neglected. If a residual phase error of ~w radians 

per term 1s allowed, the following conditions result: 

x2sin2« s~AR 2 
(5.1. 28a) 

xysln3« s ~>'R 
cos« 4 

(5.1. 28b) 

2 " s ~>'R y sin « 
2 2 cos « 

(5.1. 28c) 
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These expressions can be used to derive either a limit on the 

aspect-angle span or limits on the target dimensions. In the section 

5.2, these limiting factors will be discussed in more detail. 

Fig.s.l.7 shows the simulated near-field response of an offset-rotated 

bar, the extrapolated far-field response and the simulated far-field 

data. It can be seen that the extrapolated data is in good agreement 

with the reference far-field patterns. As the aspect angle increases, 

the residual phase error also increases according to Eq.(s.1.27c). 
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5.1.3 Arbitrary two-dimensional targets represented by point 

scatterers 

In case of cylindrical-wave illumination. the source Is situated at a 

prefixed distance R from the centre of rotation of the target 

configuration. If the target is thought to consist of N point 

scatterers and if the interaction between these scatterers is 

neglected, the scattered field at the receiver can be written as: 

N 

Sea) = 
R -2Jk(R~-R) 

L R' Ai e 
t 

1=1 

where R' = vi (x -Rsina)2 + (y +Rcosa)2 
1 t 1 

A = amplitude of ith point scatterer 

I 
I \ 

~~~ \ source/receiver 
Ii~ Ilq; 

Fig.S.l.S N point scatterer configuration 

u 

(5.1.29) 

An arbItrary body can be thought to consist of a collection of point 

scatterers within its contour. By expandIng the summation to a double 

integration over x and y. the following expression results: 
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SIal = I I g(x.y) R e 
R' (x.y.«) 

-2Jk(R(x,y,«)-R) 
dxdy 

where g(x.y) = reflectivity density function 

R' (x,y.,«) = vlR2 + x2 
+ y2 + 2yRcosa - 2xRsina 

(5.1. 30) 

It is noted that in the previous section, the integration is only 

performed over x, y having a constant value. 

The far-field scattering is found by letting R~ 

f f 
-2jk(ycos«-xsin«) 

S(<<) = g(x.y)e dxdy (5.1.31) 

This equation has previously been derived in chapter 3 (Eq.3.1.6) 

where incident planar waves were assumed in the ISAR imaging process. 

It is noted that in chapter 3, the positive angle direction is 

anti-clockwise whereas in this section, a clockwise positive angle 

direction is assumed. 

It is now interesting to study the influence of measuring in the near 

zone and of the extrapolation to the far zone on the ISAR imaging 

process. In [30) the errors occurring in the image as a consequence of 

the finite separation have been evaluated and a relaxation of the 

far-field requirement of 2D2/A has been given. 

The effect of near-zone measurements on ISAR images 

In the following. the notation introduced in chapter 3 will be used: 

G(f .«}=S(a). 

In ISAR imaging, the reflectivity density function is reconstructed 

from the measured Signal G(f ,a) by Fourier transformation, hereby 

ei ther using a narrow-angle approximation (unfocused imaging) or a 

phase correction (focused imaging). If the measurements are conducted 

in the near zone we can write: 
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G(f.a) = E(x,y,a) e dxdy J J 
-2jk(ycosa-xsina) 

(5.1. 32) 

where 

E(x,y,a) = g(x,y) R ----e 
-2jk(R(x,y,a)-R-ycosa+xsina) 

R' (x.y,a) 

It Is obvious that g(x,y) cannot be obtained by mere Fourier 

transformation. Using the approximations described in the previous 

section we arrive at: 

2 2 2 2 
X cos a + y sin a + xysin2a 

G(f.u) = J J g(x.y)e -2jk( 2R 

2jk(xsina-ycosa) 
e dxdy (5.1.33) 

2 a The following approximations are applied: cosa~ 1- 2 . sina ~ a 

The first exponential term can then be written: 

• Influence of the factor exp(-jkx2
/R) 

G(f, a) 

-Jk 2 

J J 
~ x 2jk(xslna-ycosa) 

= g(x.y) e e 

Two variables are introduced: 

f = 2f sina 
x c 

-2f f = -- cosa 
y c 

Using f and f • Eq.(5.1.35) can be written as: 
x y 

21l'f 2 
-j ---R x 2j1l'Cf x +f y) c x y 

e 

In unfocused imaging f and fare 
x y 

approximated by: 

2fa 
f =--

x c 
-2f 

f =-
y c 
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(5.1.34) 

dxdy (5.1.35) 

(5.1.36) 

(5.1. 37) 

(5.1.38) 



G(f ,f ) can then be written as: 
x y 

J J 
2jn(f x + f (~(x)+y» 

G(fx,f
y

) = g(x,y) e x y 

where ~(x) = x2/2R 

dxdy (5.1. 39) 

We are interested in the reflectivity density function g(x,y). A 

change in variables in introduced: 

x'= x ----it X = x· 

y'= y + ~(x) y = y'- ~(x) 

Eq. (5.1.39) can now be written as: 

J J 
2jn(f x' + f y' ) 

G(fx.f
y

) = g(x' ,y'-~(x'» e x y dx'dy' 

Inverse Fourier transformation yields: 

-2jn(f x'+ f y') 
e x Y df df 

x y 

Changing the variables x' and y' back to x and y gives: 

g(x' ,y') = g(x, y + ~(x» = g(x, y + x2/2R) 

(5.1.40a) 

(5.1. 40b) 

(5.1.41) 

(5.1.42) 

(5.1.43) 

2 The effect of the exponential factor exp(-jkx IR) can thus be seen as 

a distortion of the y-coordinates. A point scatterer located at 

(x ,y ) will appear at (x ,y + x2/2R) after Fourier transformation of 
1 1 1 1 1 

G(f ,f ) measured in the near field. 
x y 

If we had, for instance, a target configuration with point scatterers 

located on a square as shown in Fig.5.1.9a, the Fourier transform of 

G(f ,f) would yield a distorted location square, depicted in x y 

Fig.5.1.9b. It 1s further noted that no distortion occurs for 

scatterers located on the y-axis. 
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Fig. 5.1. 9 2 Distortion caused by phase factor exp(-jkx IR) 

(a) Original location square 

(b) Distorted square 

• Influence of the factor exp(-2JkxyaIR1 

- x 

The influence of this exponential factor is derived by using an 

analogous analysis. 

G(f,a) = g(x,y) eRe J J 
_-2_J_k xya 2jk(xsina-ycosa) 

dxdy 

· J J g(x,Y) 

2jn(f «((x,y)+ x) + f y) 
e x Y 

-xy 
where (x.y) = ~ 

dxdy 

Change of variables according to: 

gives: 

G(f .f ) 
x y 

x· = x + (x,y) 

y' = y 

x • x· - (x' .y' ) 

y • y' 

= J J g(x'-
2jn(f x'+ f y') 

((x',y'),y')e x y dx'dy' 
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(5.1. 45) 

(5.1. 46a) 

(5.1. 46b) 

(5.1.47) 



Inverse Fourier transformation yields: 

g(x' .y') = g(x + ~(x,y),y) = g(x(l-ylR),y) (5.1.48) 

A point scatterer located at position (x. y) will appear at the 
1 1 

location (x -x y IR, y) after Fourier transformation of S(f • f). A 
1 1 1 1 x Y 

target configuration with scatterers located on a square, shown in 

Fig.S.1.10a, will result 1n scatterers located on a distorted square 

shown in Fig.S.1.l0b. 

y , y I 

I \ 

-x -, \ 

(a) (b) 

Fig.S.l.tO Distortion caused by phase factor exp(-2jkxya!R} 

(a) Original location square 

(b) Distorted square 

• Influence of the factor exp(-Jk(x2
- y2)u2

1R) 

x 

In the previous analysis, unfocused imaging has been considered. that 

is, a narrow aspect-angle span has been assumed. In this case, the 

influence of this phase factor on the imaging process can be 

neglected. 

It can be concluded that, if near-field RCS data is used to perform 

ISAR imaging. the actual position of a scattering centre is apparently 

affected, thus creating virtual scattering locations. In case of 
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narrow angular span the distortion is described by: 

(5.1.49) 

A point scatterer located at position (X1'Yl) is found at the virtual 

position (x -x y IR, Y + x2/2Rl after imaging. 
1 1 1 1 1 

The effect of the extrapolation procedure 

The effect of the extrapolation procedure has already been analyzed in 

the previous section where the offset ted bar was considered to be a 

discrete distribution of point scatterers. In this section, an 

arbitrary two-dimensional target is considered, so arbi trary 

(x,y)-positions are possible (instead of fixed y-positions). 

The residual phase-error contribution is given by Eq. (5.1.27): 

Jk 2 2 sin3ex 2 sin4ex II = ex~ (x sin ex + 2xy + y ---:-
p R cosex 2 cos ex 

(5.1. 27c) 

By inspection of Eq. (5.1.27c) and by taking into account the previous 

analysis of the influence of the various phase factors on the imaging 

process, it can be concluded that the extrapolation procedure 

re-allocates the individual scatterers to their actual position as 

long as the residual phase contributions are limited. The distorted 

square (being a combination of Fig.5.1.9b and 5.l.10b) is corrected to 

an 'error-free' square. 

Program RCS19CYL [31] has been used to simulate the near-field 

response of eight point scatterers located on a rectangular contour. 

The simulated data is extrapolated to the far zone and imaging Is 

performed on the near-zone and extrapolated data. A contour plot is 

shown in Fig.5.1.tt. The predicted distortion of the square is clearly 

visible, the virtual locations can actually be predicted by using 

Eq. (5.1.49). 
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133 

. 

L5 



5.2 Limiting factors in ReS determination 

When cylindrical-wave illumination is used, the measured radar cross 

section must be processed in order to obtain data which has apparently 

been acquired in the far zone. In the ideal case, the extrapolation 

procedure will estimate the true far-field pattern from the near-field 

data. assuming error-free measured data. 

In this section. possible sources of error inherent in the measurement 

technique and extrapolation effort will be presented. The following 

limiting factors will be discussed: 

Paraxial constraints / limits on target dimension 

• Space attenuation 

• Probe correction 

Paraxial constraints / limits on target dimension 

For a fixed (x,y)-position, the residual phase error inherent to the 

extrapolation procedure is a function of the aspect angle. 

Consequently, limiting the residual phase error to a maximum value 

will lead to either constraints on the angular span (paraxial 

constraints) or restrictions on target dimension. 

In section 5.1.2, each residual phase-error contribution was limited 

to ~n radians (O~~~O.5, Eq.5.1.28): 

2 i 2 < ~R:\ xsno:--- (5.2.1a) 
2 

3 
~ ~R:\ sin 0: xy (5.2.1b) 

cos 0: 4 

.. 
:5 lJR:\ 2 sin 0: y 

2 cos 0: 2 
(S.2.tc) 

It is noted that this is only valid when a reference target of 

sufficient length is used: 

L l!:: 21 x 1 + 21 y 1 tana: 
ref 

(5.2.2) 
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• Limits on target dimension: 

xy s 7}RX 

4 

cosex 
3 sin ex 

• Limit on angular span: 

sinex s ( ~:~ f/2 

3 7}RX sin ex s 
cosex 2/ 

4 
-< 7}RX sin ex ---2 4xy cos ex 

Space attenuation 

(5.2.3a) 

(5.2.3b) 

(5.2.3c) 

(5.2.4a) 

(5.2.4b) 

(5.4.4c) 

We will now focus our attention to the amplitude factor R/R' (x,y.ex) 

and investigate the effect of the extrapolation procedure on this 

factor. As it has been mentioned previously, the ampli tude factor 

describes the space-attenuation distribution over x and y as a 

function of aspect angle: 

R R ----= 
2 2 2 2 

X cos ex + y sin ex + xysin2ex R' (x,y.ex) R + ycosex - xsinex + 
2R 

(5.2.5) 

The extrapolatlon coefficients are related to zero down range, being 

independent of the aspect angle as well. The amplltude factor of the 
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field distribution assumed for the calculation of the extrapolation 

coefficients is: 

(5.2.6) 

The extrapolated amplitude function can thus be written as: 

A (x,y,ex) R 1 1 = --= ex R' (x,y,ex) A(x) ycoso:-xsinex 1 + 

(5.2.7) 

R 

It can be seen that no significant amplitude correction is realized. 

In the ideal situation the (residual) amplitude factor equals 1. 

The aspect angle at which A deviates maximally from unity is given 
ex 

by: 

8 ( ycoso: -xsino:) 0 
x 

= .. ex = -arctan(-) 
80: 

1.11 Y 
(5.2.8) 

If Xil:.O and yil:.O (first quadrant) • 0: can be written as: 
DI 

0: = -arcos( y 2') = _ arcSin( x 
2 • ) DI 

I x2+ Y I x2+ Y 

(5.2.9) 

For the remaining quadrants similar expressions can be given. The 

maximum amplitude deviation is : 

A 
ex, max 

1 
(X, y, ex III) = ---;:::==::-

I X2 + y2 ' 

(5.2.10) 

1 -
R 

If a maximum error of 7 dB is allowed: 

./ x2+ y2 • 
7 - -

0 ~ ~ 1 - 10 
20 

R 
7 

./ x2+ y2 ' 
- -

:5 (1 10 20 
)R - (5.2.11) 

:5 0.109 R for 7 "" 1 dB 
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It can be seen from Eq. (5.2.11), that the ampli tude of all points 
2 2 1/2 within a circle of radius r=(x +y ) will deviate maximally r dB 

from its far-field value. Table 5.2.1 summarizes the radii for some 

typical R-values allowing a maximum error of 1,2 or 3 dB. 

Table 5.2.1 Test-zone radius allowing r dB amplitude error 

R (m) 

(dB) 8 10 12 r 

1 0.87 1.09 1. 31 

2 1.65 2.06 2.47 

3 2.34 2.92 3.50 

Probe correction 

An additional amplitude taper within the test zone caused by the 

nonideal nature of the feed horns can introduce extra errors which are 

not compensated by the extrapolation procedure. At higher frequencies, 

this effect becomes more pronounced and care should be taken to 

minimize the amplitude taper in the test zone, for instance by using 

feed horns with an optimum gain pattern. 

In this work, the effect of an extreme phase taper has been closely 

analyzed and no attempt has been made to compensate for the effect of 

a possible additional amplitude taper caused by a nonldeal feed gain 

pattern. 
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5.3 Experimental verification 

The CATR at the Eindhoven University of Technology is based on two 

cylindrical paraboloids creating a test zone with pseudo-plane waves. 

At this institute, an SPCR will be operational in the near future. 

The ElectroMagnetic Anechoic Chamber (£MAC) at the Arizona State 

University is based on the Single-collimator method, the test objects 

are illuminated by cylindrical waves. 

For this reason, experiments concerning cylindrical-wave illumination 

have been conducted at ASU. A 2.44 m bar has been used as the 

reference target to determine the extrapolation coefficients. The bar 

which was used as the test object was 1. 22 m long with a height of 

5 cm. The test bar was rotated at down range zero (centre-rotated bar) 

and at a down-range position of -0.94 m (offset-rotated bar). 

The frequency interval was 8-12 GHz while two elements of the 

polarization matrix have been determined: HH and VV-polarization. 

Fig.5.3.1 shows measured and extrapolated data of the centre-rotated 

bar at f=10 GHz, HH-polarization. For comparison purposes this figure 

also shows the simulated far-field response. 

Fig.5.3.2 shows the results obtained in the case of offset rotation. 

Analysis of the results 

It can be seen from Fig.5.3.1 that. for the small-angle region, the 

far-field pattern is in good agreement with the simulated. 

extrapolated far-field RCS. The extrapolated phase pattern displays 

the theoretically predicted quadratic phase error, especially at the 

larger angles. In Fig. 5. 3.1a, it can be observed that the phase 

pa t tern almost does not show any angle dependency. whi Ie In the 

simulated phase pattern, this dependency is clearly visible. This can 

be traced to the fact that the centre of rotation of the bar did not 

coincide exactly with the origin of the geometry system. The phase 

centre was displaced slightly in the direction of the radar system. 

In case of the offset-rotated bar at down-range y=-O.91 m. it can be 
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seen that the phase pattern is not entirely symmetrical. However. in 

comparing the result with the simulated, extrapolated data it can be 

concluded that. apart from the offset positioning due to the graphics 

routine and some additional measurement errors. quite good agreement 

is the case. 
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6. CONCLUSIONS 

The rotating target method is a relatively simple method for obtaining 

cross-range field information by using an inverse Fourier transform of 

the measured scattered field of a reference bar rotated azimuthally at 

the origin of the geometry system. It is important to realize that the 

field distribution across the target is assumed to be independent of 

the aspect angle. 

The algorithmic procedure which utilizes the rotating target method to 

determine the processing coefficients can be used to compensate for 

nonplanar amplitude and phase distributions in the test zone. Strictly 

speaking, this procedure is only valid for the one-dimensional 

case (straight bar, cylinder) where the illuminating field does not 

depend on the aspect angle. 

This situation is approximately encountered in a CATR where the test 

object consists of a straight bar or cylinder rotated at the origin. 

If the target is extended to two dimensions and if it is assumed that 

the field distribution remains unchanged in down range, then the 

correction technique could be used. Unfortunately, even in a 

well-designed CATR, the incident field varies as a function of 

down-range position, implying that the RCS of a two-dimensional target 

is generally not significantly affected by the correction procedure. 

The algorithmic procedure can, under the condition that an accurate 

residual error estimate can be given, be used to extrapolate near-zone 

RCS to the far zone. In this case. the near-zone RCS is obtained by 

illuminating the target with a cylindrical wave as in the case of 

measurements conducted on the Single-plane collimating range. For 

two-dimensional targets. the residual errors in phase are a 

consequence of the range-fixed, angle-independent extrapolation 

coefficients. Limiting these errors to a predefined value leads to 

limitations in angular span or target dimension. 
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The amplitude factor describing the space-attenuation distribution as 

a function of aspect angle cannot be corrected for. The limitation on 

target dimension due to the amplitude factor is, however, generally 

more relaxed than the limiting factors resulting from conditions 

imposed on the residual phase errors. 

Finally, it has been shown that, under these conditions, the unwanted 

effects on the ISAR imaging process, distortion of the coordinates, 

caused by measuring in the near field, are compensated by the 

extrapolation procedure. 
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APPENDIX I : Precision bar measurement results 

polarization: HH 

Length = 1.5 m, Width = 5 cm 

f Max. RCS(uncorr) Max RCS(corr) delta Red. factor Th.max.RCS 

(GHz) (dBsm) (dBsm) (dB) (dB) (dBsm) 

2.99 10.05 10.29 0.24 0.21 8.52 

3.53 10.47 10.62 0.15 0.15 9.96 

4.07 11.36 11.49 0.13 0.14 11.20 

4.43 12.92 13.00 0.08 0.10 11.94 

4.97 13.22 13.28 0.06 0.06 12.94 

5.51 13.85 13.90 0.05 0.07 13.83 

6.05 14.64 14.68 0.04 0.06 14.64 

6.59 15.68 15.49 -0.19 0.08 15.39 

8.04 17.27 17.34 0.07 0.08 17.11 

8.58 17.94 18.01 0.07 0.09 17.68 

8.94 17.98 18.06 0.08 0.09 18.04 

9.48 18.77 18.88 0.11 0.11 18.54 

10.02 18.87 18.99 0.12 0.10 19.03 

10.56 18.70 18.82 0.12 0.10 19.48 

10.92 18.73 18.84 0.11 0.09 19.78 

11.46 19.57 19.70 0.13 0.08 20.19 

12.00 19.85 19.97 0.12 0.07 20.60 

13.96 20.50 20.66 0.16 0.12 21. 91 

14.50 20.72 20.88 0.16 0.12 22.24 

15.04 21.29 21.43 0.14 0.12 22.55 

15.58 21.31 21.46 0.15 0.12 22.86 

15.94 21.40 21.53 0.13 0.12 23.05 

16.48 21.53 21.68 0.15 0.13 23.35 

17.02 21.83 21.96 0.13 0.12 23.62 

17.56 22.20 22.32 0.12 0.13 23.90 

17.92 22.48 22.58 0.10 0.13 24.08 
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polarization: VV 

Length = 1.5 m, Width = 5 cm 

f Max.RCS(uncorr) Max RCS(corr) delta Red. factor Th.max.RCS 

(GHz) (dBsm) (dBsm) (dB) (dB) (dBsm) 

2.99 10.51 11.01 0.56 0.42 8.52 

3.53 10.81 11.12 0.31 0.31 9.96 

4.01 12.83 13.13 0.30 0.39 11.20 

4.43 12.00 12.22 0.22 0.26 11.94 

4.91 13.08 13.22 0.14 0.11 12.94 

5.51 14.61 14.18 0.11 0.15 13.83 

6.05 13.80 13.92 0.12 0.13 14.64 

6.59 16.19 15.15 -1.04 0.14 15.39 

8.04 16.35 16.41 0.12 0.10 11.11 

8.58 16.99 11.08 0.09 0.09 11.68 

8.94 18.13 18.21 0.08 0.01 18.04 

9.48 19.02 19.11 0.09 0.01 18.54 

10.02 18.65 18.16 0.11 0.08 19.03 

10.56 18.39 18.52 0.13 0.09 19.48 

10.92 18.72 18.85 0.13 0.09 19.18 

11.46 19.55 19.68 0.13 0.08 20.19 

12.00 20.21 20.41 0.14 0.09 20.60 

13.96 20.23 20.34 0.11 0.11 21.91 

14.50 21.15 20.28 0.13 0.13 22.24 

15.04 21.04 21.20 0.16 0.16 22.55 

15.58 21.11 21.32 0.21 0.19 22.86 

15.94 21.53 21.11 0.24 0.22 23.05 

16.48 21.44 21.74 0.30 0.29 23.35 

17.02 21.08 21.52 0.44 0.40 23.62 

11.56 21.13 21.60 0.47 0.42 23.90 

17.92 22.08 22.51 0.49 0.44 24.08 
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