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ABSTRACT

An experimental and theoretical investigation of the reflection
characteristics of an IRBM type missile is described. The complete
scattering matrix was determined for several aspects for the Jupiter C
with and without the tail fins and for the Jupiter C nose cone. Good
agreement was found between experimental and theoretical data. Experimental
data from "unknown'' models was analyzed to determine the possibility of

identifying a target by means of scattering matrix data,
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Section I
SUMMARY

Purpose

It is the aim of this program of study under contract AF 33(600)-
39476 to investigate the feasibility of estimating, from radar data, the
sizes and/or the configurations of the targets under observation as well
as such characteristics of the target's motion as the angular velocities
of axial rotation and tumbling and the inclination of the target axis rela-
tive to the mass-center trajectory,
Discussion

The general approach to be used in gleaning such information
from radar data was presented in Reference 1;: this material is reviewed
in Section II, With the work being done currently by several organizations
on the development of radar equipment appropriate for measuring scattering
matrices, additional theoretical and experimental experience on scattering
matrices of complex shapes has become highly desirable. The effort re-
ported herein is for the most part devoted to the subject of getting this ex-
perience: that is, to the question of how and to what degree of accuracy one
can predict the above target characteristics via scattering matrix measure-
ments. We have concentrated on one complex shape, a Jupiter-type Missile.

As pointed out in Section II efficient use of matrix measurement

techniques for estimating size and motion parameters requires simultaneous
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measurements at several frequencies. It is pointed out, however, that often
much can be learned from measurements at one or two frequencies, and we
shall concentrate on this topic since in gaining experience one should start
gradually, The experimental and theoretical analysis reported here has
three primary aims: (1) to determine the precision with which one can meas-
ure the scattering matrix in the laboratory, (2) to obtain an estimate of the
accuracy with which one can predict the experimental results using rapid
optics~-type approximation techniques, knowing the configuration and the
aspect, and (3) to illustrate how one can determine size and shape information
from experimentally measured values of the scattering matrix elements and
to simultaneously obtain an estimate of how accurate such predictions of size
actually are,

We have considered three sample target configurations: the Juptier Missile
Nose Cone, a Jupiter-type Missile with fins, and the Jupiter-type Missile without
fins. We also give some consideration to a few unknown shapes, (unknown to the
individual studying the matrix data). The procedure we have followed has been
to measure in the laboratory (laboratory wavelength was 1.22", i.e., the operating
frequency was 9700 Mc) the return from models of these targets for six different
polarization cases; both amplitude and phase were measured. This was done for a

set of monostatic aspect situations with the return from a sphere of known
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size being used for calibration purposes. These measured values were
then analyzed to determine the degree of consistency in the measurements
and the scattering matrix associated with each aspect. For convenience
aspects were confined to the horizontal plane. While these quantities were
being measured in the laboratory, theoretical calculations were also made,
restricting attention to the range of aspects studied experimentally. Since
our interest here deals primarily with the accuracy with which the matrix
elements can be determined rather than full-scale data for these targets,
we make no attempt to convert the cross section data to full-scale dimen-
sions. Instead we shall work with the model data itself.

The experimental procedure and the techniques employed in reducing
the data are discussed in detail in Section III while the theoretical approach
is discussed in Section IV, Section V is devoted to the consideration of a
few samples of what can be gleaned about size and shape from data obtained

in the laboratory assuming no knowledge about the configuration itself,

Conclusions

We have observed that good matrix data can be obtained in the labora-
tory at target aspects corresponding to fairly strong signals. When attempting
these matrix measurements in the laboratory at aspects where the reflected
signal is relatively weak, it has been found that good data are difficult to obtain.
This comes as no surprise because of the power limitations, etc., of our

3
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laboratory equipment and does not present any serious obstacle to the plan
of using matrix data to determine size and shape information, since we would
expect to concentrate analysis on "strong-signal' data. Interest in weak-
signal data can be centered on where they occur aspect-wise, rather than
the actual amplitudes involved,

The methods employed to check the consistency of a set of matrix
measurements in this study seem to be adequate; however it is felt that
further study on this point would be desirable, That is, further investi-
gation would be advantageous to optimize the methods used in reducing the
raw matrix measurements, The work reported here indicated that theory
and experiment for matrix determination are in good agreement for those
cases in which both ""good" experimental data are obtained and the theoret-
ical technique employed is appropriate,

In order to develop this scattering matrix type of analysis further and
to demonstrate its usefulness, it would be desirable to carry out relatively ex-
tensive detection and identification problems in the laboratory. This could be
done in the form of "war games" between the experimental group and the theo-
retical group, the first making the measurements and the second analyzing the

experimental data. A first step along these lines is discussed in Section V;
the results of the ""games" are sufficiently promising to indicate that additional

study along these lines would be highly desirable.



THE UNIVERSITY OF MICHIGAN
2500-3-T

The results of the studies reported here support the contention that this
approach to the problem of determining size and shape information, as well as
characteristics of the target's motion, can yield reliable information. The
""games" discussed in Section V illustrate that reliable estimates of size and
shape can often be obtained even though only limited data are available. It
appears obvious that there is much to be gained by a continuation of an effort

directed toward optimizing the methods of analyzing the measurements.
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Section II

GENERAL COMMENTS ON THE DETERMINATION OF SIZE AND MOTION
RELATIVE TO MASS-CENTER TRAJECTORY

2.1 No Intervening Magneto-Ionic Medium

The problem of determining configuration and motion relative to the center
of mass of an arbitrary object traveling at orbital altitude and velocity, e.g. an
artificial earth satellite, by analyzing radar returns is discussed in this Section.

It is assumed that the orbit or trajectory of the center of mass is known,

To explain the procedure used to develop this information in general, the
simpler problem in which electromagnetic radiation suffers no rotation of elec-
tric (or magnetic) vector as it traverses its path to and from the target, i.e,, with
no intervening magneto-ionic medium (the ionosphere), is considered first. The cas
of an intervening medium of this type is discussed in Section 2.2, The problem of
determining the size and shape of the object as well as its spin and tumbling rates
remains, as expected, quite a sizeable one, Ideally, the problem can be solved by
providing a sufficient amount of radar data, This would include measurement
of the complete scattering matrix continuously at at least four frequencies
simultaneously. In this section, however, a more modest approach is considered;

ways in which spin rates, tumbling rates, and size and shape information may be
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deduced from less than ideal amounts of radar data are considered.

In essence, the procedure is based on the following: If the field scattered
by a target is specified completely at all points in space, for any one instant in
time, then the target size and shape is completely determined.™ Since,
however, many of the bodies of interest are satellites or missiles which are
restricted to certain physical shapes, it is not necessary to know the scattered
field everywhere; in fact a few measured values of radar cross section may suf-
fice to provide a gross picture., By measuring the variation in cross section

with time, the motion of the body (motion relative to the trajectory of the

the original picture as described below,

In order to investigate systematically the scattering properties of the
target, the formalism of scattering matrices is employed. The scattered
electric far field can be formally expressed in terms of the incident electric
field as

ES = [A] —}ii, (2-1)

where the superscript ""s" indicates scattered, and "i", incident. When, for

3*

In fact, the system is over-determined; that is, there will be a large amount of
redundant information.

3%
3

The use of radar to provide trajectory information is standard procedure and
cannot rightfully be included in this report.

7
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any incident direction and polarization, this relation determines ES for all
field points, then EA] is called the complete scattering matrix, In this treat-
ment only backscattering is considered; hence the elements of the scattering
matrix for a particular incident field and target orientation are constant, (AJ
in general is a 3 x 3 matrix, but because the radial component of the far field
behaves like 1 /rz, compared with the components in the plane perpendicular

to the direction of propagation which behave like 1/r, [A] is thus made 2 x 2 for
simplicity. In order to specify TS for an arbitrary incident polarization (i,e.,
direction of Ei) the elements of the scattering matrix (A) must be specified.
This involves evaluating eight quantities, since these elements are, in general,
complex numbers, The number of quantitites can be reduced immediately to
seven since absolute phase is not of importance. It is necessary to consider

only relative phases; thus any one of the four elements can be taken to be real, *

If the z-axis is taken along the direction of incidence, the equations for

the field components can be written in the form

s i i
(2-2
ES = A, EL + A, El
A 21 7x 22 7y

It is the set of complex numbers Aij that must be determined, For the case in which

* The reader is referred to References 2 and 3 for additional discussions on the
subject of scattering matrices,
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there is no rotation of the E vector, reciprocity dictates that AlZ = Ay ; for
the case under discussion this means that only five quantities need be evalu-
ated rather than the seven mentioned above,

It can readily be shown that the scattering matrix can be determined by
measuring o(AA), o(AB), o(BB) and any two of the three phases associated with
these amplitudes, where ¢(1J) denotes the cross section measured when the
transmitted energy has the polarization J and the receiver polarization is along
the direction I, and the symbols A and B designate two mutually orthogonal
directions in the HV-plane with H used to indicate the horizontal direction and V
the vertical direction (perpendicular to the horizontal and the direction of in-
cidence). This is not, however, the only way one can determine the matrix,
For convenience we might take A = H and B = V. Making this set of measure-
ments for the body as it passes by the radar enables one to determine a scat-
tering matrix (as a function of time) from which a considerable amount of data
can be obtained. As stated previously, a first approximation to the size and
shape of the target can be obtained from these measured values at one instant
in time, when considered together with a knowledge of the target's physical
limitations.

By analyzing the variation of these measured values with time, the
motion of this first approximation to the configuration is determined so as to
be compatible with the measured variations. The measured values at another

instant of time are then examined, and the approximation to the configuration
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modified accordingly, This, of course, may alter the postulated motion. As
more and more of the data are thus employed, the picture of the object and its
motion becomes more refined. With a judicious initial estimate of size and
motion parameters, this refinement will occur quite rapidly.
This process can be illustrated by considering a few special cases. As

a first example, these data can be used to distinguish between elongated bodies
and bodies which are essentially spherical, since a long, thin body exhibits
a cross section which is quite polarization-dependent while a body which is
essentially spherical does not exhibit a polarization-dependent cross section,
Consider a measurement in which, for example, o(HH) is fairly large with re-
spect to o(VV). This indicates that the body is long and narrow with the length
of the body (in the horizontal direction) large in comparison with the wavelength,
and the diameter of the body (in the vertical direction) not large in comparison
with the wavelength., In order to discriminate between cylinders and spheroids
it may be necessary to measure returns at more than one frequency or to ob-
tain the scattering matrix for 30° in aspect (not a hard requirement if the body
is tumbling). This is discussed more fully below, but for the present example
consideration is confined to the case in which measurements are obtained at one
frequency and the large values of o correspond to broadside looks.

Measured values of o (HH), o(VV), o(HV), etc., all plotted as a function

of time would be available. Assume that o (HH) takes on a peak value at t =t;

10
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and that o(VV) is relatively small at t = t{; assume further that at t = t,, o(VV)
is relatively large with respect to o{HH), and that this value of ¢(VV) is the
same as the value of o(HH) obtained at t = tl. The fact that the two relative
peak values were the same would suggest that the body was broadside at both
t=t; and t=t, and tumbling in a plane normal to the direction of incidence.
Taking t, -t = At (particularly if this pattern of variation in o¢(HH) and

o(VV) is continued), it is implied that the body makes one complete revolution in

4 A tl seconds, and thus that the tumbling rate is 1/ (4At1) revolutions per second,

Assume, for the purpose of a second example, that o(HH) takes on
relative peak values at regular intervals equal to At' but that o(VV) does not
take on any of these relative peak values., If these peak values of ¢(HH) are
all about the same, it would be reasonable to assume broadside aspect at the
times these peak values were obtained, The fact that no equal peak values of
o(VV) were obtained would indicate that the body was tumbling in a plane which
was not normal to the direction of incidence., In conjunction with size and shape
estimates obtained from other time segments of the data it would be possible to
estimate the aspect angle (angle off nose) by studying the magnitudes of o(VV)
at those times at which peak values would have been anticipated had it been assumed

the body was tumbling in a plane normal to the direction of incidence, From the

11
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data it would be concluded that the tumbling rate was 1/(2At') revolutions per
second,

It should be noted that in the second example o(HH) and ¢(VV) were chosen
as an illustration, The same argument would apply if ¢(AA) attained relative peak
values but o¢(CC) did not attain these valuesv, where A is any direction and C is any
other direction. Thus a knowledge of o(II) for many values of I is necessary for
this kind of analysis. However, such values can be computed from the five measurec
quantities.

The above two examples serve to illustrate how size information and estimates
of the tumbling rate can be obtained if it is determined that the body is long and thin.
This is due to the fact that such a body yields a relatively large cross section if
the E vector is parallel to the long axis of the body, but a relatively small cross
section if the E vector is normal to the long axis of the body. Of course, if the body
were spherical, then this approach would not yield any information about tumbling
rates although it would yield information relative to the size of the body.

It is important to note that in the examples above, polarization dependence
of cross sections would not be exhibited if the body were elongated and the diameter

of the body were large in comparison with the wavelength® (in this case the

In considering radar cross sections it is convenient to consider the wavelength
spectrum as consisting of three regions: Rayleigh, Optics, and Resonance, The
Rayleigh region is that region in which the wavelength is large in comparison to
the characteristic dimensions of the body, the Optics region is that region in
which the wavelength is very small in comparison to the dimensions of the scatter
ing body, and the Resonance region is the region intermediate to the other two,

12
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difference in peak cross sections due to polarization effects would be very small).
Thus, in this case it is important to use another wavelength which can be expected
to be comparable to or larger than the diameter of the body. Data gathered at
wavelengths much smaller than the diameter of the body, however, can be used
to study the wavelength dependence of the cross section and for this purpose it
is convenient to have the wavelength small enough to permit application of the
physical optics approximation. An upper limit on this range of wavelengths
is obtained by requiring the wavelength to be smaller than the gross body
dimensions (i.e., length, width, etc.). A lower limit is obtained from practical
power limitations. An estimate of minimum dimensions can be obtained, in the
case of missiles, from state-of-the-art limitations. It would be advisable to have
sets of these data from at least two different frequencies in this range (taken
simultaneously) so that the wavelength dependence of the cross section could be
used to estimate size and shape,

To illustrate the use of wavelength dependence, it can be noted that the
broadside cross section of a cylinder in the optics region varies like 1 /) while
the broadside return from a spheroid or an ogive is relatively independent of
the wavelength, Also, since the broadside cross section of an elongated body is a
non-decreasing function of 1/\ while the off-broadside cross sections are os-
cillatory, aspect information can be gained.

Summarizing briefly, the advantages of measuring cross section at three

frequencies - one in the resonance region (at the optics end) to determine

13
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polarization dependence and two in the optics region to determine wavelength
dependence - have been illustrated, This is not meant to imply that three is
an optimum number of frequencies.

Considerable information can be obtained with measurements at only two
frequencies, although the analysis becomes more complex. Similarly, with
data at many frequencies a very complete picture can be determined without
measuring all the elements of the scattering matrix. For example, in the
Rayleigh region, the volume of the body can be determined from the dipole
pattern and, if it is '"fat', an idea of its length-to-width ratio obtained. Also,
in the resonance region, length can be determined quite accurately by noting
the number of maxima and minima which occur over a range in wavelength, I
different frequency measurements are made simultaneously then the width could
be determined by the length of the resonance region, In the optics region,
singularities in the illuminated region could be determined from frequency
data,

Concerning now the question of determining spin rates: If the body is a
surface of revolution, it would be impossible to gain any information about spin
by use of radar alone, since the body looks the same at all spin angles. Actually,
sufficient knowledge of the configuration and precession would enable one to

estimate the spin rate, even for a body of revolution, In order to determine the

14
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spin rate directly, it is necessary that the body have some protuberances,
e.g., fins, which in themselves will yield a measurable return.

Consider, as an example, the existence of fins. First consider the nose-on
case (and the similar tail-on case)., If the body has three or four fins symmet-
rically placed around the body, spin rates cannot be determined at this aspect
by measuring o(AA) since the return is independent of polarization, If the body
should have only two fins, then the best estimates of spin rates are obtained at
this aspect since the return from the fin edges would be highly dependent upon
polarization. Thus if there was reason to believe that the aspect was essentially
nose-on to the body, and the cross section was polarization dependent, it might
be concluded that there were two fins. If no polarization dependence was exhibited
at this nose-on aspect, it might be concluded that the body did not have two fins
(it might have three or four or none). However, if o(HV) shows no sensible
variation there cannot be four, but there could be three or none. If, on analyzing
o(HA) for all directions A, no minimum appears, there are no fins, If three
or four rectangular shaped fins were assumed, it would be possible to obtain an
estimate of the lengths of the leading edges of these fins for the nose-on returns.
To do this, use would be made of the fact that the returns from the three or
four fins are all in phase, and thin-wire theory could be employed as the basis
for investigating the return from these edges.

Where the body has three or four fins the best estimates of spin rates

can be obtained at aspects which are close to broadside, since as the body

15
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spins, the direction of incidence will be normal to the flat plate portion of a

fin at certain intervals of time (which depend upon the spin rate), I the spin
rate is greater than the tumbling rate the effect of spin (oscillations in the cross
section) will be superimposed on the slower tumbling rate effect. To determine
the spin rate and the area of each fin, those periods of time at which the data
indicate broadside aspect would be concentrated upon., Suppose that ¢(HH) was
at an extreme maximum in the vicinity of t = t" and that the remainder of the
data in the vicinity of t = t'" indicates that the direction of incidence is essentially
broadside. The faster spin effect would superimpose an oscillation on top of
this peak and, by determining the difference between the maximum value and

the average value in the vicinity of t = t'", an estimate of the return from a
single fin (if there are three fins), or a pair of fins (if there are four fins)

would be obtained. Then knowing how the cross section of a flat plate varies
with area and wavelength, it would be possible to estimate the area of a fin,

The spin rate could be determined by noting the number of times a small
relative maximum superimposed on the tumbling rate effect occurs in each cycle

of the latter and compensating this count by knowledge of the number of fins, *

e
b4

This problem could, of course, be more complicated if the fins were big enough

to allow double reflections; the use of circular polarizations would determine the

possible existence of double reflections.

16
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The foregoing discussion has been an attempt to indicate how considerable
information can be obtained about the body under investigation by measuring the
scattering matrix. It is important to note that if this approach were used,
o(HH), o(VV), o(HV), etc., as functions of time and measured at (at least) two
different frequencies would be necessary. One segment of data, by itself, could
be made to yield estimates (or rather, ranges of estimates) relative to size, etc,
Other segments of the data would either confirm or reject these estimates or,
at least, serve to narrow down the range of estimates to be considered, If all
that is available is, say, o(HH) at one frequency, then it would be possible only

to limit the discussion to various classes of bodies or ranges in size and shape.

2.2 With An Intervening Magneto-Ionic Medium

If an intervening magneto-ionic medium is present, the problem discussed
in Section 2.1 becomes more difficult since now the fvector would have experienced
a rotation, In this case seven independent measurements rather than five are
needed to determine the scattering matrix, since o(HV) and o(VH) will now yield
different results, i.e., reciprocity no longer holds. We might note that this can
be used as a means of detecting the presence of the magneto-ionic medium

Essentially the same technique as described in Section 2.1 is to be

applied; however, more measurements are required to gain the necessary

17
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information, The problem of measuring the scattering matrix when the electric
vector is rotated as it passes through the ionosphere is discussed in References
3 and 4., The fact that the amount of rotation, the Faraday angle, varies as the
target moves introduces complications. The amount of rotation must be meas-
ured at each instant or an accurate picture of the variation in Faraday rotation
with time and with target direction devised.

A discussion of various methods for determining the amount of Faraday
rotation could be quite extensive. For our purposes here it will suffice to
indicate but a few. [The British, for example, (Ref. 5) have utilized the signals
from 1957 Alpha to obtain a measure of the Faraday rotation.] One method of
determining the angle of rotation, independent of target emission, would place
the energy sources with the receiver, i.e., monostatic radar. Electromagnetic
energy could be transmitted at three or more frequencies and received at each
frequency with two orthogonal antennas, This measurement of the rotation of
the polarization direction would allow a determination of the integrated electron
density of the ionosphere, If the measurement were repeated for several
transits of the satellite, this would provide a measure of the variation of the
integrated electron density with time. If the satellite is followed as it descends,
it might be possible also to extract information as to the height distribution

of the electrons. Operation at several frequencies is advantageous in order to

18
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overcome the ambiguity in the rotation angle (which is measured only modulo 7);
certainly, tracking information would also help in this respect.

A possible alternative to the measurement of the rotation angle would be
the measurement of the time delay between the arrival of left- and right-circularly
polarized pulses. However, this time delay would probably be of the order of one
period at radar frequencies.

In continuing this discussion of the analysis of radar data we shall assume
that the Faraday angle is known for each measurement of the scattering matrix.
With this angle known, operations can proceed in the manner outlined in Section
2.1, making sure in all considerations that this rotation is compensated for,

Suppose that the Faraday angle were 45°, then a case in which the return
is dominated by o (HV) would correspond to o (HH) dominating in the '"no rotation"
case. If it were known that the Faraday angle was 300, then it would be advisable
to make the "A" polarization one which is inclined at an angle of 60°. This would
make it possible to set up a correspondence between the ¢ (HA) measurement of
this case and the o (HH) value in the '"no rotation'" case. Of course with total
scattering matrices available these other cases could be quickly computed.

Thus it is seen that if the Faraday angle and its variation are known,

they can be compensated for in the analysis of the data obtained and, as in
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Section 2.1, information concerning the size and shape of the object, tumbling
rate, and, if there are measurable protuberances (like fins), its spin rate,
derived.

In the procedure for investigating a satellite or missile with radar
briefly outlined above, it has been indicated how information could be gained
from specific radar measurements. In the ideal case, there is a sufficient
amount of data, i.e., continuous measurements of the scattering matrix at
many frequencies, to determine all of the size, shape, and motion parameters,
In those cases for which there are not enough data to accomplish this, a tech-
nique for utilizing the available data together with other knowledge of the
target to yield a partial picture of the situation has been outlined, Isolated
measurements of the cross section at a given frequency and at a given polari-
zation will yield some information about the target, but usually such infor-
mation can only yield ranges of values of size and shape parameters.

Fortunately, in studying a satellite or a missile, information on the
motion of such a body obtainable from sources other than the radar data can
be used. For example, use can be made of the results obtained from a theoretical
analysis of the mechanics of satellite motion. What is important here is to note

that the results of the '"'non-radar" investigations can serve to limit the ranges
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of the size and motion parameters which are to be determined from the radar
data, It should also be noted that other information of a "radar type" is
available such as range, velocity, trajectory, etc.

2.3 The Case Under Study

In the present analysis we are dealing with the measurement of scattering
matrices in the laboratory and thus we assume the "no rotation" case of Section
2.1, Adopting the notation of Equation (2-2) where the direction of propagation
is along the z-axis, we find that if the electric polarization vector of the incident
field is denoted by (% cos B +9 sin @;) and the polarization of the receiver is

given by ® cos ¢r +’§ sin ¢r), the field measured at the receiver will be given by

ET/E! = Ajqcos §; cos fp + A, sin f; sin ¢,
(2-3)
+ Ap; sin (@ +0,) ,

(Ref, 3).

The geometry of the cases studied under the present program is some-
what restricted, The general case is shown in Figure 2-1 in which the coordinate
systems of the target and the transmitter-receiver are displayed. We see that
in general there are three angles of concern which correspond to azimuth,
elevation, and roll., For the cases studied here we have taken ¥ = 0° and

a = 0° which implies that the y-axis is always normal to the x'y'-plane,
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FIGURE 2-1: GEOMETRY FOR THE GENERAL CASE
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Measurements of both amplitude and phase™ have been made at various values

of 8 for the following six pairs of values for ¢i and ..

W f=n/2 p=)2
(3)  f=n/a, P =7/4
(2-4)
(4) ¢1 =0, ¢r = /4
(5) p; = 3r/4, ¢r = 31 /4
(6) ¢i = 0, ¢I‘ =T
If we denote Er/Ei by S(¢i, @) and the A;. by aj;e @ 1 we thus see
that we are obtaining the following for each value of 8 selected:
i)

W) St/2, 7/2) = aye

1 i i
(2) S(ﬂ'/z, 71'/4) = - { azze 22 + 312 e 12

2

;o idy 0
(3)  S(n/4, 7/4) = —aye +_aye ap, e

2 2

(2-5)

1 1013 i),

(4) S(0, 7/4) = —{ae +a,
J2

%
Obviously the phase measurements yield values of the relative phase since a
movement of the target by 0.1 inch toward (or away from) the antennas would
alter the measured phase angles by 60° at the frequency employed in these
experiments.
23
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] idy i, ifr2
S(3r/4, 3n/4) = aj e +__ ay,e -ap e
2 2
i i(r+ §pq)
L 11 _ 11
8(0, m) = T3y e 41 ¢

In each case both the amplitude and phase of the S(¢i’ @) are measured,

The measurement procedures and the methods employed in reducing the

data are discussed in the next section.
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Section III

MEASUREMENT OF SCATTERING MATRICES IN THE LABORATORY

3.1 Instrumentation and Measurement Procedure

The number and nature of measurements which are sufficient to determine
the scattering matrix have been discussed in Section II. The requirement of
measuring both amplitude and phase placed two unusual demands on our equip-
ment for measuring radar scattering characteristics. First, in the approach
we employed, one must be able to adjust polarization quickly and easily. The
direction of the new polarization must be known and any phase change introduced
by the polarization change must be accurately known, Secondly, one must be
able to measure the relative phase of the scattered signal to within a few degrees.

Other known experimental work on the measurement of scattering matrices
of laboratory models include that of M. J. Ehrlich of the Microwave Radiation
Company, Inc. (reported in Reference 6) and that of E. M. Kennaugh and
associates at Ohio State University Research Foundation (see, for example, Ref.
7.) These investigators determined scattering matrix elements by the measure-
ment of the amplitude of the scattered return for several combinations of linear
and circular polarization. Scattering matrix measurements have also been made

by the Dalmo Victor Company (see, for example, Reference 8,
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This list is not intended to be exhaustive, but only representative. In the
University of Michigan system, both amplitude and relative phase of the scattered
signal were measured for six combinations of linear polarization. In this
system, standard waveguide components and antennas were used throughout.
The polarizations of the transmitter and receiver horns were changed by
rotating them about their axes, A coaxial rotating joint supporting the horns

made this rotation possible. The phase shift due to the rotating joints measured

less than + 29, The attenuation change due to the rotating joints measured less
than + 0.2 db. In the experimental work reported here, twelve measurements
(six phases and six amplitudes) were made., This gives much more than is re-
quired to determine the matrix., The extra measurements were made to check
out this measurement procedure. Experience with our laboratory equipment
showed that the amplitudes should be correct to within 1 db for strong signals,
2 db for moderately strong signals, and 3 db for weak signals; the phases
should be measurable within 5° for the strong signals and within 10° for the
moderately strong signals, while errors of 30° or more might be noted for the
weak signals. Thus, if scattering matrices are to be determined from values
measured in the laboratory, it is advisable to avoid aspects at which nulls in

the pattern appear; this is readily observable from some of the data obtained.
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A photograph of the equipment used is shown in Figure 3.1-1 and it
is shown in block diagram form in Figure 3.1-2. An examination of Figure
3.1-2 should indicate how the system works. With no target on the support
column, the effect of the comparison signal through phase shifter and atten-
uator No. 2 is eliminated by cranking in about 90 db of attenuation, The un-
wanted signals due to horn-to-horn coupling, background return, etc., are
then balanced out by adjusting attenuator and phase shifter No, 1 to produce
a null at the receiver, The receiver signal resulting from the placement of
the target on the pedestal is nulled out by adjusting precision phase shifter
and attenuator No. 2, (Since a larger signal requires the removal of a larger
amount of attenuation, a lower db reading indicates a stronger target return, )
In practice, the settings of attenuator and phase shifter No. 1 for bal-
ance conditions for the six polarization combinations were determined before
the target was placed in position. Once the target was in place, its return
for the six polarization settings was found with the proper balance conditions
having been set beforehand. Errors due to change in target range or aspect
were thus eliminated by completing the data for a particular aspect without
movement of the target. This, and the fact that all readings were taken within
a period of a few minutes tended to minimize errors due to change in oscillator

frequency or output power. A typical set of raw data is shown in Table 3.1 showing

27



THE UNIVERSITY OF MICHIGAN

-T

2500-3

INANdINOT 10 HAVIDOLOHd

I-1°¢

AdNDIA

28




THE UNIVERSITY OF MICHIGAN

2500-3-T

SNOILVZIYdVIOd dVANIT 40 NOILLVNIFINOD ANV LV TVNDIS AIHILLVOSIOVH

J0 IANLITAINYV ANV ASVHd HDNIYASVIANW 04 LNINWIINDH 40 DLLVINIHOS

JOXTIA

JOATO09Y

2-1°¢ HYNDIA

jurop

duneioyg

jurop
dunejoy

]

L o13elN

7 "ON JO0j}enueoly

ﬁ

¢ ON JI9WIYS
oseyd

I o13eIN L1 °ON xojenuenyy

10}®10S]

—

\

1eudrs jo oseyd pue epmrjduwe

T°ON JI9)TIYS

aseyd

[epouwt Aq pax9a}jeos

QUIUWLIO}OP 0} Teudrs uosixedwo)

punox8soeq woaj 3urre1jeds pue 3urdnood

UJIOY-01-WIOY }09ITp [90ourO 03 Teuldls uroueiedq

29

.

xa1dno)
uoT109I1IQ

JO1BNUIN Y

1

J0}e10S]

~———

xa1dnod
uoT309IIq

et

JIOJBI[19SO

JI919I

Kouonboaa




THE UNIVERSITY OF MICHIGAN
2500-3-T

the order in which data were taken and the repeatability of balance data
and target return data. The data repeatability for all aspects giving a
relatively strong return was found to be good. Aspects near the nulls in
the scattering patterns generally resulted in poor data.

The range, R, separating the antennas from the target was
D2 / A, where D is the maximum dimension of the target, for all
measurements. The bistatic angle between the horns was 3° or less. The
oscillator used in the system was the cavity stabilized model 814-X-21
manufactured by Laboratory for Electronics. The superheterodyne
receiver used was Scientific Atlanta Model 402B. Hewlett Packard Model
X382A attenuators and Model X885A phase shifters were used.

The absolute magnitude of the scattered cross section is obtained by
relating the returns from all polarizations to the vertical-vertical return
from a standard sphere.

Test runs were made on three targets: (1) a one-foot model of a
Jupiter-type Missile, (2) the one-foot Jupiter model without fins, and
(3) a -1—10— - scale model of the Jupiter Nose-cone.

To be precise the missile model employed in these tests was patterned

from a missile model purchased from a local hobby shop - the Revell model
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kit of the Jupiter C¥ The nose-cone configuration data were supplied to us by
C. W. Williams of the Chrysler Missile Division and describe the Jupiter
Nose-cone.

Cases (1) and (2) were studied first and measurements were made at
regular intervals in 8, This resulted in many runs in which the amplitudes
of the returns were quite small, resulting usually in inconsistent data, In
case (3) measurements were made at values of 6 at which relative peaks
in o(VV) were observable; the troublesome cases of small amplitudes were thus
usually avoided,

3.2 Reduction of Experimental Data

The experimental data were analyzed in two different ways. The first
was essentially a "check by inspection' approach, in which a "measurement"
was discarded if the two recorded values of phase differed by more than six
degrees or if the two recorded values of intensity differed by more than two db.
This led to the discarding of complete runs in some cases and to the reduction
of the amount of useable data in other runs to the point that the calculation of
scattering matrices was not possible, The other approach was of a more
analytic nature but also furnished an estimate, in many cases, of which measure~

ments were the more reliable in a given run.

*
This is the satellite-launching version of the Jupiter C used in the launching
of the Explorer satellite in January of 1958.
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This analytic test for consistency ran as follows: (a more detailed dis-
cussion will be found in the Appendix.): For the purpose of determining the
scattering matrix of a given target at a given aspect we are at liberty to choose
that basis which is of most convenience, In terms of the measurements made,
two such bases immediately suggest themselves, as can be seen from Equation

(2-4). One set would be the (0, 7/2) basis and the other the (7/4, 3r/4) basis.

Considering these two bases for the matrix analysis and considering relationships

existing between any four of the measured quantities, we obtained the following

set of 13 relations

V2 7z
L Q=8 ~8y _'Z"Shh+'2‘ vV
V2 V2
2. staa-}:sah_zsav

3. Q=8,, +8pp ~Syp ~Syv

2 3J2 V2
4.. Q=Sah'zsbb+—4- Shh+ZSVV

E Rz oz

= + — - - T e——
. Q=8 Zsbb 2 Shy 4 Syv

6. Q=8y, ~2V2 Sy ~Spp +2 Sy
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7. Q=38,, - 2V2 Sy, + 8y -2 Syy

Q=33aa—z\/isav+sbb-zshh

(o]
.

9. Q:saa—zﬁsav»sbb+zsw

10, Q=32 S,y ~V2 S,y +2 Sy, - 4 Shh

11, Q=-J2 Sah+35 Suy t 2 8pp ~ 48y

1 1
12, Q=8,, (2 S;;+— Suh = = Syy
2 2

1 1
13. Q=8, -2 8, "5 Smt3 Sy

in which Q represents the total (experimental) discrepancy, and
SQ,B = pQ,B €xp E@aﬁ] for Q, B = a, b: h: V.

The theoretical maximum of fifteen such relations is reduced by the
vanishing of certain coefficients in three of the equations. This is also the
reason why Equation (2) involves only three terms. The four-term relations
were selected in preference to three-term ones because not enough of the

latter are available. In the above the a, b, h, and v subscripts indicate
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the directions 7/4, 37/4, 0 (or m), and 7/2 respectively. We thus observe,
via Equation (2-5), the relations between the above notation and that of the
discussion of Section II.

These thirteen equations are neither all independent nor are they
unique but they do provide a set of check equations. Each Q should be zero,
but the various errors which are inherent in any experimental work tend to
make these Q's deviate from zero, By calculating Q in each case and con-
sidering the magnitude of |Q N 'ﬁl 2 / "52 where P is the smallest term in-
volved in the‘ equation, one can obtain an idea of the consistency of the
measurements. It was necessary to adopt some criterion of '"goodness of
fit" and the somewhat arbitrary selection of 2 db was made, that is, for
example, if 20 1°g10 |Q /P - 1| < 2, then the consistency of the quantities
involved was deemed adequate. By examining those equations for which the
above criterion was not satisfied it was possible in certain cases to estimate
which of the measured values were unreliable.

This procedure combined with the ""check by inspection" approach
led to the selection of certain runs which were considered sufficiently con-
sistent to warrant matrix calculations. Tables 3.2 through 3.4 summarize

the results of this investigation,

35



THE UNIVERSITY OF MICHIGAN
2500-3-T

In these tables the code classification of runs, A, B, C, and D,has

the following meaning:

A: the run was sufficiently consistent to be considered good in all measure-
ments
B: the run contained a few questionable measurements but was deemed such

that tentative matrix element calculation could be made

C: the run was sufficiently inconsistent to make matrix element calculation
inadvisable
D: run chosen for matrix element calculation,

One will observe that the matrix element calculations were not performed for
all of the ""good" runs, it being considered unnecessary to perform calculations
for two runs at the same aspect if there was no significant difference in the data
measured,

We would also like to point out that when measurements are restricted
to aspects in the vicinity of relative peaks in o, one finds fewer inconsistent
runs, That is, in the measurements on the full missile (with and without fins)
where aspect was altered in 10 degree steps there were many more runs in the
"C" category than in the other experiments, where measurements were made
for the most part only at relative peaks.

In Tables 3.5 through 3.7 we present the experimental data for

those runs which received an "A" classification on the basis of the consistency
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check. It will be noted in these tables that with but few exceptions a ""good"
run has a fairly strong signal. This is what was anticipated in the
discussion of Section 3.1, Given good measurements the calculation of the
remaining elements in the scattering matrix is quite straightforward and
therefore we shall not discuss it here.

Tables 3.8 -3.10 contain some of the calculated matrix elements.
Figures 3. 2-1 through 3.2-3 are included to display the continuous variation
of the cross section with changes in aspect, Only ¢(VV) was measured in
this way.

For those cases in which the 1, 98" sphere was used for calibration it
was found that the noise level was about 22 db below the sphere, When the
2.95" sphere was employed the noise level was about 19 db below the sphere.
Thus we note that in many of the cases shown in Tables 3. 8 - 3. 10 the values of
o(HV) calculated from the experimental data are "in the noise'". In the cases
of the nose cone and the missile without fins, theory indicates that o{HV) should
be zero; with the value determined by experiment in the noise we thus observe
agreement between theory and experiment within the limits governed by the
experimental equipment. Further comparisons between theory and experiment
are given in the next section,

The data given in Tables 3.8 - 3,10represent the elements of the

matrix written in the form
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([(EH) s uH Jo(EV) el¢HV

i i
e Ve e v

where the o(IJ) are the cross section values given in db relative to the sphere

return and the in degrees. Recall that the ¢I g are known only in a relative

Py
sense and that for this case o(VH) = o(HV) and ¢HV = ¢VH .
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Run Date Q A B C D
No (deg.)
39 12/9/59 0 p'e X
40 " 0 X
41 " 20 X X
42 " 20 X X
43 " 40 X
44 12/10/59 40 X p'e
45 " 60 X
46 " 60 X
47 " 70 X X
48 " 80 X
49 " 80 X X
50 " 90 X X
51 " 100 X
52 " 100 X X
53 " 100 X
54 " 120 X
55 " 120 X
56 " 140 X
57 " 160 X X
58 " 180 X X
59 12/11/59 | 10 X X
60 " 10 X
61 " 50 X X
62 " 7.7 X X
63 12/12/59 | 110 x x
64 12/11/59 30 X
65 " 50 X X

TABLE 3.3: MISSILE MODEL WITHOUT FINS - RUN CLASSIFICATION
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Run Dat 6
€ (deg.)

Z
o

12/ 21/ 59 0 X
1" 0 X
" 9.5
" 9.5
" 26 X

»ooM

" 42.7
" 62.
" 7.7
" 180
180

]

LT R o o B

12/ 22/ 59 96
" 108 X
" 125.5 X
" 134 X
" 172 X

= e e e
Gh WM B[O W -I0|U i WN

TABLE 3.4: MISSILE NOSE CONE - RUN CLASSIFICATION
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Aspect Run o (HH) l o (HV) l a(VV) pHH [ pVV
No (in db rel. to sphere) (in deg. rel. to pHV)
0° 2 3.1 -24.4 4.6 203.5 193.5
9° 30" 4 0.5 -14.9 2.1 -170.2 | -156.2
26° 5 3.6 -16.1 2.8 128.0 | 121.0
42945 6 1.2 -29.5 1.2 65.1 75.6
77°%42! 8 21.5 -18.8 21.5 -8.3 | -10.8
96° 11 -0.5 -22.1 -0.8 -36.0| -45.5
108° 12 -23. 2 -24.8 -5.1 108.3 | -162.2
125°30" 13 -1.4 -28.5 0.6 -22.9 | -60.4
172° 15 17.3 -15.2 18.4 | -133.4| -131.4
180° 10 13.8 -19.6 15. 3 166.2 | 163.7
TABLE 3.8: SCATTERING MATRIX ELEMENTS - NOSE CONE
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2500-3-T
Aspect P;l: o (HH) o (HV) o (VV) p HEH p -
(indb rel. to sphere) (in deg. rel. to ¢HV)
0° 10 7.2 -26.1 5.1 02.7| 87.7
10° 2 -10.3 -32.5 -15.7 -17.0] -93.8
20° 27 -5.17 -23.4 -6.2 -147.7| -78.5
30° 28 -9.3 -20.5 -0.8 98.6 | 159.3
50° 38. -2.8 -17.9 -0.8 -137.6| 98.3
90° 17 21.3 -1.7 21.1 -53.5 | -49.5
100° 20 9.8 -8.8 8.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>