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Abstract 

Polarimetric radar cross sections (RCSs) were measured for a large top hat 
and three large Bruderhedrals at 35 and 93 GHz. The overall spread in the 
measured RCSs was 2 dB. It was found that the absolute RCS, as well as the 
dependence of the RCS on elevation angle, could be significantly altered by 
a slight misalignment of the target reflector. The calculations of these RCSs 
by theories and RCS simulation codes based on geometric and physical 
optics generally agreed with the measurements to within 3 dB. Radar 
calibrations using these reflectors, which are based on the predictions, are 
not reliable, however, if accuracy better than 3 dB is required. The measured 
values of the cross-polarization RCS were very small compared to the 
copolarization ones, consistent with theoretical predictions. 
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1. Introduction 
The top hat reflector, shown in figure 1(a), has been used as a convenient 
means of designating ground locations for airborne radars and calibrating 
various radar systems since the 1960s. However, the earliest citation of this 
reflector in the open literature is in a 1981 paper by E. L. Johansen [1]. That 
author describes the pros and cons of various configurations of the top hat, 
gives a formula for its radar cross section (RCS), and presents measure- 
ments of its RCS at 33 GHz that are consistent with his formula. Since that 
time, the top hat RCS has also been measured at 34 GHz [2] and 10 GHz 
[3]. The scattering from this reflector has been analyzed as well, based on 
physical optics [3] and on the geometric theory of diffraction and the 
method of moments [4]. Top hats continue to find use in the calibration of 
millimeter-wave (MMW) radars, particularly when the radars are polari- 
metric [2], since their polarimetric properties are simple and are theoreti- 
cally identical to those of the plane dihedral [1]. The top hat has the advan- 
tage over the plane dihedral, however, in that its RCS changes slowly as a 
function of orientation angle in both the azimuthal and elevation planes. 

In 1986, J. Bruder of the Georgia Institute of Technology introduced a 
reflector called a Bruderhedral [5], shown in figure 1(b). It is essentially a 
finite cylindrical segment of a top hat that retains the ease of orientation of 
the top hat, as shown by Bruder's measurements of the RCS patterns in 
both the elevation and azimuthal angle planes. The Bruderhedral is also 
predicted to have a higher RCS for its physical size than the top hat. The 
authors are aware of only one other measurement of RCS versus angle for 
the Bruderhedral, and only one analysis of the scattering from the reflector, 
which is based on the geometric theory of diffraction [4]. The Bruderhedral 
is now being used to calibrate MMW polarimetric radar systems [6,7]. 

A simple way of calibrating MMW polarimetric radars using Bruder- 
hedrals is to simply align them for maximum return signal and assume 
that their absolute RCS is that calculated from the Johansen formula [1]. 
However, strictly speaking, that formula and even the Blejer theory 
(described in sect. 2.1), apply only to the top hat. Therefore, careful meas- 
urements on a variety of Bruderhedrals are needed to determine whether 
top hat RCS predictions also apply to the Bruderhedral. These needs moti- 
vated the measurements on three different Bruderhedrals, as discussed in 
this report. Measurements were also made on a top hat in order to have a 
baseline comparison of measurement to theory by which to rate the com- 
parisons for the Bruderhedrals. 

Section 2 describes the analyses and simulation codes used to calculate the 
reflectors' RCS. Section 3 describes the radars, targets, and measurement 
procedures. Section 4 then presents samples of the measured data, and sec- 
tion 5 compares the calculations with the measurements. Finally, section 6 
presents some conclusions. 



2. Top Hat and Bruderhedral RCS Predictions 

2.1      Analytical Theories 

Figures 1(a) and (b) define the basic geometric parameters of a top hat and 
a Bruderhedral, respectively. They also show the reflectors' assumed orien- 
tations in a set of x-, y-, and z-axes, and define the radar line of sight 
(RLOS), elevation angle 6el, and azimuthal angle 6az relative to those axes. 

Figure 1. (a) Top hat 
geometry and 
(b) Bruderhedral 
geometry and their 
orientation relative to 
radar line of sight 
(RLOS) in terms of 6el 
and 0„„. 
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Johansen based his simple formula for the RCS of a top hat [1] on the well- 
known "high-frequency" formula for the RCS of a finite right circular 
cylinder [8]: 

ö =2 nab2 IX , (1) 

where a, b, and X are the cylinder radius, cylinder length, and radar wave- 
length, respectively. Johansen's formula is* 

O^Znab2cos{6d)lX . (2) 

For the cylindrically symmetric top hat shown in figure 1(a), the RCS is 
independent of 6az. As Johansen states, equation (2) is only valid for large 
elevation angles, such that 

tan (0d) > b/L . (3) 

It is shown in appendix A that, based on the RCS of a finite right circular 
cylinder, the top hat RCS for small elevation angles, such that 

tan(6el)<b/L , (4) 

is 

o = 8xah2 tan2 (6el) cos (6el)IX . (5) 

At the elevation angle for which 

tan(0e/) = &/L , (6) 

equations (2) and (5) both yield 

G=87rab2L/[X{L2 + b2)1/2] . (7) 

Equation (7) also gives the maximum RCS in both elevation angle regions. 

Equation (2) is not valid near a 90-degree elevation angle, and equation (5) 
is not valid near a 0-degree elevation angle, since at those angles the single- 
bounce scattering from the plane base and cylindrical surfaces, respec- 
tively, predominates, and is not included in the simple Johansen theory. 
Since, as a calibration reflector, the top hat is usually used at elevation 
angles near the value of equation (6), where the return signal is maxi- 
mized, the fact that these equations are invalid near 0 or 90 degrees should 
not present any practical limitation to using them for predicting the RCS of 
a top hat. 

D. Blejer computed the complex polarization scattering matrix (PSM) for a 
top hat based on physical optics. A complex element of the PSM is denoted 
by Sj- •, where i and ;' stand for H or V, denoting horizontal or vertical polar- 
ization, respectively, and the first and second subscripts denote transmit 

*The formula for the top hat given by Bruder [5] differs from equation (2) due to an erroneous assumption in his 
derivation [9]. 



and receive, respectively. In terms of Si•, the RCS for the ij polarization 
channel is 

ffr sa (8) 

Blejer's PSM is diagonal. That is, Sy is only nonzero for i = /', i.e., for the 
copolarization (copol) HH and W channels. S{ • is given by 

S^SF + SF + SF + SV. (9) 

The first matrix element on the right-hand side of equation (9) is the contri- 
bution to Sü from the multiple scattering between the cylinder and base, 
and the last three matrix elements are due, respectively, to the direct return 
from the side and top of the cylinder, and from the disc making up the 
ground plate, or base. For top hat dimensions that are small compared to X, 
the three matrix elements impart a ripple to the RCS versus QA pattern, 
which arises from interference effects. However, for top hat dimensions 
that are large compared to X, the magnitude of S™s is much larger than 
that of the other three matrix elements on the right-hand side of equation 
(9), except for 6el near 0 and 90 degrees. If these three matrix elements are 
neglected in equation (9), the results for the HH and W RCS given by 
equation (8) are the same, and are equal to the RCS in equation (2) or equa- 
tion (5) from Johansen's theory, depending on whether 6d satisfies equa- 
tion (3) or equation (4), respectively. 

Figure 2(a) compares the RCS measurements made by Johansen at 33 GHz 
on an Environmental Research Institute of Michigan (ERIM) top hat (a = 
1.9 in., b = 12 in., L = 30 in.) to the Johansen and Blejer theories. Figure 2(b) 
compares the RCS measurements made by Ohio State University (OSU) at 
10 GHz [3] on another top hat (a = 4 in., b = 8 in., L = 4 in.) with these theo- 
ries. For 6el between 0 and 10 degrees and between 80 and 90 degrees, the 
Blejer theory predicts rather large oscillations in the RCS, whereas the 
simple Johansen theory of equations (2) and (3), of course, does not. For 
the OSU top hat (fig. 2(b)), the oscillations predicted by the Blejer theory 
are much larger and extend farther in from 6el = 0 degrees and 0rf = 
90 degrees than for the ERIM top hat. As a result, in the former case the 
two theories coincide only to within 1 dB for 9el between about 30 and 60 
degrees. The larger and more extensive oscillations predicted by the Blejer 
theory for the OSU top hat than for the ERIM top hat are to be expected, 
since for the ERIM top hat a/X = 5, b/X = 34, and L/X- 84, whereas for the 
OSU top hat a/X = 3, b/X = 7, and L/X = 3. The ERIM top hat dimensions are 
much larger compared to X than those of the OSU top hat. Therefore, the 
last three matrix elements on the right side of equation (7) are smaller com- 
pared to the first matrix element at a given 9el near 0 or 90 degrees for the 
ERIM top hat than for the OSU top hat. One might be tempted to cite the 
absence of ripples in ERIM top hat measurements and the appearance of 
ripples in the OSU top hat measurements as conclusive support for the 
Blejer theory. However, the evidence based on the ERIM top hat measure- 
ments is not conclusive, since those data are wideband and result from a 
noncoherent averaging over 500 MHz [2]. Nevertheless, the agreement in 
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Figure 2. Measured 
data and theoretical 
predictions for RCS 
of (a) Environmental 
Research Institute of 
Michigan (ERIM) top 
hat at 33 GHz and 
(b) Ohio State 
University (OSU) top 
hat at 10 GHz. 
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figure 2(a) between the predictions of both theories and the measurements 
for the ERIM top hat is especially good, considering the fact that the base 
of this top hat, rather than being a disc of radius a + L concentric with the 
cylinder, as in figure 1(a), was a long, rectangular plate, on which the cylin- 
der was mounted with its axis a distance a + L from the end of the plate fac- 
ing the radar. 



2.2      Simulation Codes 

The RCS measurements reported in this paper were also compared with 
calculations of a number of radar simulation codes currently being used by 
radar systems designers. These codes were expected to yield results, for 
any given reflector, that are at least as accurate, if not more so, than those 
of the Johansen and Blejer theories. One reason for this expectation is that 
the codes employ geometric models that describe the actual shapes of the 
reflectors in much more detail than that afforded by the three geometric 
parameters, a, b, and L, used by the theories. Another reason is that the 
codes can include the effects of edge diffraction and shadowing, which the 
theories do not. It will be shown, however, that these expectations are not 
always realized. 

The simulation codes tested were SRIM [10], xpatch [11], and GTS [12], all 
of which calculate the RCS of a target using the principles of geometric and 
physical optics. SRIM and xpatch ray trace a geometric model of the target 
by casting a bundle of parallel rays of the desired frequency on to it at the 
desired elevation and azimuthal angles and recording the histories of all 
multiple bounces up to some desired number. They then use this history to 
calculate the fields and currents on the target surfaces and, from these, the 
scattered fields, which determine the RCS.* 

The models used for SRIM were of the constructive solid geometry (CSG) 
type and were built using the multiple-device graphics editor (MGED) 
modeling code contained in the Ballistics Research Laboratory computer- 
aided design (BRL-CAD) package [14]. The models used for the xpatchl 
version of xpatch were faceted ones that were built either directly with the 
xpatch facet editor, or indirectly, with some other facet modeling code [15]. 
The models used for the xpatch2 version of xpatch were the same as those 
used in SRIM. Xpatch also has options allowing one to include specific 
computations of edge diffraction and ray divergence effects, using supple- 
mentary models, at the cost of additional computer time. GTS calculates 
the scattered field contributed from each of a number of primitives that are 
combined to form an approximation of the actual target shape. It uses a 
beam-trace technique to derive the multibounce scattering from targets 
and calculates edge diffraction effects, using a supplementary target 
model. 

*The simulations performed by SRIM, however, may not be appropriate for the reflectors measured in this work. The 
reason is that these simulations neglect any rays impinging first on the cylindrical surface that diverge due to the cur- 
vature ofthat surface, but still hit the flat base surface in such a way that they could contribute to the RCS [13]. 



3. Description of Measurements 

3.1      Radars 

The RCS of the reflectors was measured with two noncoherent, fully pola- 
rimetric radars mounted side by side at a height of about 8 m. They oper- 
ated at frequencies of 35 and 93 GHz. The radars transmitted 10-W peak 
power, 60-ns pulses at a repetition rate of 50 kHz, and could measure 
returns from targets at ranges between 30 and 60 m. A boxcar integrator 
averaged the received signal over 1000 samples. Motorized, precision, 0- to 
50-dB attenuators were connected to the output of the impact avalanche 
transit time (IMPATT) generating the rf power. The attenuators were used 
to calibrate the receiver channels and to limit the transmitted power when 
the return from a target overloaded those channels. A mechanical 
waveguide switch after the attenuator allowed the transmit polarization to 
be set to either vertical or horizontal by means of an orthomode transducer 
and a Faraday rotator. The latter elements also channeled the vertically 
and horizontally polarized components of the return signal to the vertical 
and horizontal receive channels, respectively. 

The operations of the radars involved in obtaining a complete RCS versus 
angle pattern were controlled by a program running on a Hewlett-Packard 
(HP) 9000 series computer. These operations included setting the attenua- 
tor, operating the waveguide switch to transmit the proper polarization, 
and setting the gate delay. This program computed a raw datum every 0.05 
degree of target rotation to minimize the effects of statistical fluctuations. 
The program also performed all the computations necessary to obtain 
absolute calibrations of the raw data (see sect. 3.3). The amplitudes of the 
signals in both receivers in the selected range gate were displayed on a 
digital voltmeter. In addition, the returned pulses could be observed on an 
A-scan display. These displays were especially useful for properly aligning 
the targets with respect to the RLOS (see sect. 3.4). 

The radars were mounted on an elevation-over-azimuth positioner to 
enable them to be aimed at some selected target. A television camera was 
also mounted on the positioner and was selectively boresighted with one 
or the other of the radars to aid in properly aiming that radar at the desired 
target. 

3.2      Targets 

The RCSs of a top hat and three Bruderhedrals were measured. These 
reflectors are shown in figure 3. The Bruderhedrals (fig. 3(b-d)) will be 
referred to in this paper as bruOla or bruOl, bru02, and bru03, respectively. 
BruOla is an early version of bruOl in which the angle, ß, between the 
cylindrical segment and base was 89.6 degrees. For bruOl, this angle was 
corrected to 90 degrees. Figure 1 defines the geometrc parameters of the 
top hat and Bruderhedrals. They are the cylinder radius, a, cylinder height, 
b, base length, L, measured outward from the crease, and, the angle ß. 
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(c) 

Figure 3. (a) Top hat, (b) bruOl, (c) bru02, and (d) bru03, which also shows rotation bar covered with 
absorber. 



Figure 1(b) for the Bruderhedral also shows the chord length, c, defined by 
the cylindrical segment and the angle, a, subtended by this segment. 
Table 1 gives the values of these parameters. It also gives the predictions of 
Gel for maximum RCS (eq (6)) and the maximum RCS (eq (7)) of the reflec- 
tors at 35 and 93 GHz, according to Johansen's theory, assuming that that 
theory can be applied to Bruderhedrals as well. BruOla and bru03 had 
been previously fabricated in-house for use as calibration reflectors [7]; 
bru02 was obtained commercially [16], and the top hat was fabricated in- 
house especially for the measurements reported in this work. The upper 
boundary of the cylinder segments of all the Bruderhedrals are knife edges 
formed by rear surfaces, that slope abruptly downward. These surfaces are 
sloped rather than horizontal to prevent any scattering from them from in- 
terfering with scattering due to just the cylindrical and flat base surfaces. 
In addition, the side boundaries of the cylinder sections of bruOl and bru02 
are also knife edges for similar reasons. However, in bru03 the side bound- 
aries of the cylinder section are terminated with segments of 0.75-in.- 
radius cylinders, which were located tangent to the 26-in.-radius cylinder 
segment to ensure a continuous, smooth surface. 

The target was mounted on top of an 8-m-high telephone pole at a range of 
47 m from the radars. It was rotated by a steel or aluminum mounting rod 
to which it was clamped. The crease of the top hat and Bruderhedrals 
could be oriented by eye at any angle relative to the mounting rod. 

3.3      Calibration 

A triangular trihedral was mounted on top of another 25-ft-high pole, also 
located 155 ft from the radars. This pole was far enough from the target 
pole to be well outside the radar footprint when the radar was aimed at the 
target. The triangular trihedral was used to determine an absolute RCS 
calibration for the copol W and HH channels by measurements of the 
trihedral's RCS. That RCS was measured by comparing the trihedral's 
return signal with that from a right circular cylinder target mounted on the 

Table 1. Parameters 
and RCS of reflectors.      Qua^ty Top hat bruOla bruOl bru02 bru03 

a A at 35 GHz 9 233 233 89 77 
6A at 35 GHz 18 18 18 18 38 
LA at 35 GHz 18 18 18 28 40 
cA at 35 GHz NA 18 18 18 42 
Maximum RCS at 35 GHz 6 20 20 17 22 

(dBsm)* 
«A at 93 GHz 24 620 620 237 204 
&A at 93 GHz 48 47 47 48 102 
LA at 93 GHz 48 47 47 76 107 
cA at 93 GHz NA 47 47 48 110 
Maximum RCS at 93 GHz 10 24 24 21 26 

(dBsm)* 
«n NA 4 4 11 16 
ßn 90.0 89.6 90.0 89.9 90.0 
Angle of maximum RCS (°) 45 46 46 32 44 

*Johansen theory prediction 



target pole and perfectly aligned with its cylindrical surface normal to the 
RLOS. For this cylinder, a = 3.0 in. and b = 5.9 in. Since these dimensions 
are large compared to X at 35 and 93 GHz, its RCS could be calculated to a 
high degree of accuracy from equation (1). The measured values of the 
trihedral's RCS were 10.5 and 18.6 dBsm at 35 and 93 GHz, respectively. 

A second large triangular trihedral was mounted on a tripod far removed 
from both the target and absolute calibration trihedral poles. It was used to 
obtain calibration curves for the vertical and horizontal receive channels of 
the radars. A dynamic range of 50 dB was obtained for the calibration 
curves, with the average of the return signals from the trihedral measured 
before and after each target measurement session, and with the absolute 
trihedral RCS, which was measured as described above. The result was 
signal versus absolute RCS curves for the copol channels. Such curves will 
henceforth be referred to as absolute calibration curves. The accuracy of 
these calibrations is estimated to be between 0.5 and 1.0 dB. 

The calibration of the cross-polarization (xpol) VH and HV channels rela- 
tive to that of the copol channels was determined by comparing the signals 
returned from a triangular trihedral with those from a plane dihedral. 
These reflectors were mounted successively on the target azimuth-over- 
elevation table, and aligned with their axes of symmetry parallel to the 
RLOS. The RCS of these targets at millimeter wavelengths can also be 
accurately computed from well-known "high-frequency" formulas [5]. As 
mentioned above, the trihedral returns signals to the copol channels only. 
Therefore, by varying the attenuation of these signals, absolute calibration 
curves for the copol channels were, once more, obtained. The plane dihe- 
dral was then mounted, and its crease was rotated in a plane perpendicu- 
lar to the RLOS until the signals in the xpol channels were maximized rela- 
tive to those in the copol channels. That maximization is known to occur 
when the crease is at an angle of 45 degrees relative to the polarization vec- 
tor [5]. The differences between the dihedral RCS, in dBsm, computed 
from the formula and that corresponding to the dihedral xpol signals 
determined from the absolute calibration curves then gave the offsets, in 
decibels, of the VH channel RCS from the HH channel RCS, and of the HV 
channel RCS from the W channel RCS. 

3.4      Target Positioning and Alignment Procedure 

Figure 4 is a schematic showing how the reflectors were positioned by an 
azimuth-over-elevation mount located at the top of the telephone pole. The 
reflector was clamped to the mounting rod, which was, in turn, perma- 
nently mounted perpendicular to the azimuthal rotation table of the 
mount. For RCS versus 6el measurements, the reflector was clamped to the 
mounting rod with the plane of its base parallel to the axis of the mounting 
rod, as shown in figure 4. For RCS versus 8az measurements, which were 
performed only for the Bruderhedrals, the reflector was clamped so that 
the plane of its base was at about a 45-degree angle to the axis of the 
mounting rod. As stated in section 3.2, both those mounting positions were 
accomplished only with the aid of the eye. 
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Figure 4. Schematic 
of reflector affixed to 
azimuth-over- 
elevation mount 
oriented for RCS 
versus 6el 

measurements. 
Callouts: a-reflector 
crease; b-reflector; 
c-RLOS; d-table 
azimuthal axis and 
mounting rod lined 
with absorber; 
e-rotation table lined 
with absorber; 
f-table elevation axis; 
g-telephone pole; 
and h-sheet metal 
scattering shield 
capped with 
absorber. 

Front View Side View 

For measurements of RCS versus Qü at a fixed 6az the target was aligned 
either with its flat surface normal to the RLOS (0ej = 90°), or with its crease 
normal to the RLOS (0e; = 45°). We accomplished the first of these align- 
ments by looking for an A-scan display "flash," and the second one by 
looking for a maximum pulse height on a digital voltmeter, while making 
fine adjustments to the orientations of the target table. In actuality more 
than one flash or pulse height maximum could be observed during these 
adjustments, each of which could sometimes result in a significantly differ- 
ent RCS versus elevation angle pattern. This is illustrated in figure 5, 
which shows RCS versus 0eZ patterns for bruOl obtained by aligning the 
target on a flash and on various pulse height maxima. We obtained pat- 
terns in figures 5(a) and 5(b) that are very similar to each other, by aligning 
bruOl on a flash and on a pulse height maximum, respectively, which 
occurred at almost exactly the same elevation axis position of the table. The 
patterns in figures 5(c) and 5(d), however, are quite different. We obtained 
them by aligning bruOl on pulse height maxima other than that in figure 
5(b). Since the elevation axis positions of the target table for the data in 
figures 5(a) and 5(b) were almost identical and gave rise to almost identical 
patterns, it was assumed that one or the other of them should be used for 
aligning the target in order to obtain the "true" pattern. It is quite likely 
that some of the anomalous results obtained for the shapes and amplitudes 
of the RCS patterns during the course of these measurements occurred 
because of incorrect alignment. Similar misalignment effects have been 
observed in RCS versus dei measurements of a top hat [2]. 

If the value of the flash signals saturated the receive channels, attenuation 
was inserted into the rf path to reduce the signal to just below the satura- 
tion level. This attenuation was present during all subsequent measure- 
ments of the target and absolute calibration trihedral. 
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Figure 5. RCS versus elevation angle measurements for bruOl at 93 GHz resulting from four different 
alignments. 

Since the RCS of the top hat and Bruderhedrals varies very slowly with 6az 

when 6el is far from 0 or 90 degrees, there were no alignment procedures 
available corresponding to those described above for measurements of 
RCS versus 6az at a fixed 6d. The alignment consisted of merely adjusting 
the elevation axis of the mount so that 6el had a value of approximately 45 
degrees. 

Figure 4 shows that the mounting rod, rotation table, and the top of the 
scattering shield were covered with absorber to prevent signals from con- 
taminating the data (see fig. 3(d)). 
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4. Measured Data 
While the 35-GHz radar could transmit either horizontally or vertically 
polarized waves, its receiver could only receive horizontal polarization. 
The result was that only HH and VH data could be collected at 35 GHz. 
The measurements of RCS versus elevation angle for HH and VH were 
performed a number of times for each target on different days during the 
course of about a six-month period. In most cases, the shapes of those pat- 
terns repeated fairly well, and the amplitude had a total spread of about 
2 dB or less. Figures 6,7,8, and 9 show representative RCS versus 6d data 
obtained for the top hat, bruOla, bruOl, and bru03, respectively, at 6az = 0 
degrees. The RCS versus 6el data obtained for bru02, however, were not 
repeatable. Figures 10 and 11 each show measurements on bru02 made in 
the same manner on two different occasions. It is possible that these incon- 
sistencies may, at least in part, be due to misalignment of the reflector, 
which was discussed in section 3.4. The HH and W patterns for each of 
these targets were usually identical, and their HV and VH patterns were 
quite similar in both shape and amplitude at 93 GHz. 

Figure 6 for the top hat clearly shows the flashes from the cylinder and 
base at 0 and 90 degrees, respectively. A 180-degree interval was sampled; 
the top hat data began at a slightly negative 6el and ended at an elevation 
angle slightly less than 180 degrees. Therefore, only the flash off the cylin- 
der at 6ej = 0 degrees is seen. The oscillatory nature of the top hat data, 
especially at 35 GHz (fig. 6(a)), is not understood and will be discussed in 
section 5. It was often found that the amplitude of these oscillations was 
larger when windy conditions prevailed. 

The copol bruOl pattern at 35 GHz in figure 8(a) and the copol patterns for 
bru03 at 35 and 93 GHz in figure 9 all have rather smooth, bell shapes. The 
copol patterns for bruOla in figure 7 and that for bruOl in figure 8(b) are 
identical in shape and amplitude. This result differs from the results of cal- 
culations of the effects on the RCS of dihedrals of deviations of its angle ß 
from 90 degrees [5]. Those calculations yield a 3-dB reduction in RCS at 
93 GHz when ß is 89.6 degrees rather than 90 degrees. Unlike the other 
copol patterns mentioned above, those in figures 7 and 8(b) have a broad 
dip between 55 and 75 degrees superimposed on the bell shape. Such a dip 
is also evident in the RCS versus 6el data measured by Bruder [5]. If the top 
hat theories discussed in section 1 also apply to the Bruderhedral, then, as 
expected on the basis of equation (6) (since b = L is satisfied exactly, or 
nearly so, for all of the reflectors except bru02), their RCS maxima should 
occur at or near 6el = 45 degrees (see table 1). This is seen to be the case for 
the data in figures 5 through 9. Based on all these data, when these reflec- 
tors are used to calibrate the copol channels of a radar, we would have to 
orient them in the elevation plane to within about 5 degrees of the angle of 
maximum RCS if we desired a calibration uncertainty of not more than 
ldB. 
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Figure 6. Measured 
top hat RCS versus 
elevation angle at 
(a) 35 GHz and 
(b) 93 GHz. 
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Figure 7. Measured 
bruOla RCS versus 
elevation angle at 
93 GHz. 

20 40 60 80 
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Figure 8. Measured 
bruOl RCS versus 
elevation angle at 
(a) 35 GHz and 
(b) 93 GHz. 
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For most of the data in figures 6 through 11, the xpol RCS is 20 dB or more 
down from the copol RCS at the same angle. The finite RCS measured in 
the xpol channels may be due to two sources. The first is the finite orthogo- 
nal polarization component transmitted by the radars, which is expected 
to be more than 20 dB down from that of the main component. The second 
trace is the slight misalignment of the mounting table axes relative to the 
polarization vectors of the radar beams. The xpol RCS of the top hat and 
Bruderhedrals is expected to be small, since the scattering mechanisms 
taking place in these reflectors are very similar to those of the plane dihe- 
dral. Complete geometric and physical optics analyses of the scattering 
from that reflector [17] yield almost purely diagonal PSMs when the crease 
in the dihedral is oriented parallel or perpendicular to the polarization vec- 
tor, as was the case in these measurements. As stated in section 2, the 
physical optics treatment of the top hat by Blejer [3] resulted in a purely 
diagonal PSM. A physical optics treatment of the Bruderhedral might, 
therefore, yield off-diagonal PSM elements that are, if not zero, then very 
small. 
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Figure 9. Measured 
bru03 RCS versus 
elevation angle at 
(a) 35 GHz and 
(b) 93 GHz. 

(b)   30 

Elevation angle (deg) 

If the PSMs for these reflectors were purely diagonal, the W and HH 
amplitudes were the same, and the signals returned to the xpol-receive 
channels were due just to the finite orthogonal component admixture in 
the radars' transmissions, the shape of the RCS versus angle for xpol 
would be the same as that for copol. The lower cutoff and oscillatory 
nature of the top hat, 93-GHz xpol data in figure 6(b) and the lower cutoff 
of the bru02 xpol data of figure 11(a) make it difficult to compare their 
shape with that of the copol data in those figures. However, the shapes of 
the xpol data for bruOla in figure 7, for bruOl in figure 8(a), for bru03 in 
figures 9(a) and (b), and for bru02 in figure 10(a), for 6el between about 20 
and 45 degrees, do largely resemble those of the corresponding copol data. 
The shapes of the bru03 xpol data above 45 degrees, the top hat xpol data 
at 35 GHz, and the bruOl xpol data at 93 GHz are not understood. 

Figures 12 and 13 show the RCS versus 6az data at 6el = 45 degrees for 
bruOl and bru02, respectively, the latter having been measured only at 
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Figure 10. Bru02 RCS    (a)   30 
versus elevation at 
35 GHz measured on 
different occasions. 
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93 GHz. The 93-GHz measurements for both Bruderhedrals exhibit a cen- 
tral portion oscillating about a "dc" value, and sidelobes whose peak val- 
ues drop off rapidly as 6az gets farther away from 0 degrees. The 10-dB 
(relative to the dc value) widths of these central portions are 
3.4 degrees for bruOl and 9.2 degrees for bru02. These are similar to the 
values of a = 4 degrees and 11 degrees, given for bruOl and bru02, respec- 
tively, in table 1. An RCS versus 0az pattern similar in shape to the approxi- 
mately "flat-topped" one of the central lobe of the bruOl patterns at 
93 GHz has also been observed by Bruder [5], although his data do not 
exhibit a sidelobe pattern. 

The data of figures 12 and 13 show that in using these reflectors for calibra- 
tion, the orientation in the azimuthal plane is even more critical than that 
cited above for the elevation plane. Thus, in order not to incur a calibration 
uncertainty of more than 1 dB, the deviation in 0az from 0 degrees for bruOl 
at either 35 or 93 GHz and for bru02 at 93 GHz may not be more than 
0.5 degrees. 
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Figure 11. Bra02 RCS    (a) 
versus elevation at 
93 GHz measured on 
different occasions. 
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The cylinder segments of these Bruderhedrals deviate from flatness only 
by an amount of the order of one wavelength or less at both 35 and 
93 GHz. Therefore, based upon what is known about the RCS versus Qaz of 
plane dihedrals [5], one might expect there to be some similarities between 
the shapes of Bruderhedral RCS versus 6az patterns and that of the RCS 
versus angle of incidence near normal incidence of a flat plate having 
dimensions similar to those of the Bruderhedrals. The physical optics treat- 
ment of the flat plate RCS has been well documented [5]. Figure 14, which 
shows plots of this RCS for a 6- x 6-in square plate at 35 and 93 GHz, bears 
out our expectations. The detailed shapes of the central and sidelobe struc- 
tures in figures 12 and 13 might be explained by convolutions in angle 
space of the flat plate patterns in figure 14, with appropriate optical-like 
patterns for "apertures" corresponding to 4.3 degrees and 11.4 degrees for 
bruOl and bru02, respectively. 
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Figure 12. Measured 
bruOl RCS versus 
azimuthal angle at 
(a) 35 GHz and 
(b) 93 GHz. 
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Figure 13. Measured 
bru02 RCS versus 
azimuthal angle at 
93 GHz. 
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Figure 14. Calculated 
RCS versus angle of 
RLOS to normal for 
6- x 6-in. square plate 
at (a) 35 GHz and 
(b) 93 GHz. 
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5.  Comparisons of Measured Data With Predictions 

5.1      RCS versus Elevation Angle 

Figures 15 through 18 compare the measured HH RCS versus 6el over the 
range of 10 to 80 degrees with the predictions of the theories and codes 
described in section 2. These comparisons are not made for the bru02 data, 
however, because of the inconsistent results obtained for these measure- 
ments noted in section 4. 

We obtained xpatch results shown in figures 15 through 18 using xpatch2. 
These simulations included the effects of ray divergence and edge diffrac- 
tion. As described in section 2, RCS simulations were also made with 
xpatchl. These included the effect of ray divergence, but were carried out 
both with and without the inclusion of edge diffraction. The overall agree- 
ment of the xpatchl simulation results with the measured results was 
about the same as that of the xpatch2 results. 

Figure 15. 
Measurements and 
predictions of top hat 
RCS versus elevation 
angle at (a) 35 GHz 
and (b) 93 GHz. 
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Figure 16. 
Measurements and 
predictions of bruOla, 
HH RCS versus 
elevation angle at 
93 GHz. 
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Figure 17. 
Measurements and 
predictions of bruOl, 
HH RCS versus 
elevation angle at 
(a) 35 GHz and 
(b) 93 GHz. 

(a) 25 | 
'— i™ '  ■ "■     '        l        '        ' 

: Blejer, Johansen, GTS    - 

- SRIM                           ^'-~'N-^ 1      ; 
20 - \                 '"'      -siiSWAW 

■ 

I \ ^\^^ ̂  
■ V      sjjiW _^ .  ' \   SJK\ E '    w\ IY      \ "-.. 

CD ,     S'jjm     \ Wh v. i      ^"v 
2. 15 
CO 
Ü 
tE 

'   ''irr         \ 
~       /S\J^                               \ 

''    slM             xpatch 2: div, edge 
/^   \ \   '■ 

/     ^JufW s^                    TWHV T 
1 -"*»* ^                                      ^\VL 
l/fj/l                                       s^ "I 1 

10 -, 
'.// 

YJT                         Measurement ^ r 

5 i       .       i       .       i       i       i r 

(b) 30 
20 40 60 80 

25 - 

CD 

5-20 
CO 
Ü <r 

15 

10 ; 

:—■ 1 ' ■ ■ 1—■ -■•-■  ■■' i   

;                                                       xpatch: div, edge 

:    Blejer, Johansen, GTS                >-■'"                   ~ ~~~- 
-_ 

y'y^                — — ^C"            "*~ ^'^. 

/ ,   i              \                                      Measurement 
■    J' / ''             SRIM 

\ 

\- 

_ 
: /" *', - 
J /'x - 
ft: . 
'   h   .         1         .         i         i         1         i         i         .         1         .         .         i - 

20 40 60 

Elevation angle (deg) 

80 

22 



Figure 18. 
Measurements and 
predictions of bru03, 
HH RCS versus 
elevation angle at 
(a) 35 GHz and 
(b) 93 GHz. 
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Referring to table 1 (see p 9), it is seen that the dimensions of the top hat 
are sufficiently larger than A at both 35 GHz and 93 GHz for the last three 
matrix elements to be neglected on the right-hand side of equation (7) for 
Blejer's theory. Therefore, neither the Blejer theory results in figure 15(a) 
nor those in figure 15(b) display any sizable oscillations. The same is true 
for the xpatch and GTS results. However, the figures show that, unlike 
these theoretical predictions, the RCS measurements on the top hat display 
rather large oscillations, with amplitudes on the order of 3 dB at 35 GHz 
(fig. 15(a)) and 1 dB at 93 GHz (fig. 15(b)). Furthermore, the agreement of 
the measured RCS with that predicted by the Blejer theory for the OSU top 
hat, shown in figure 2(b), is seen to be much better than that for the top hat 
measured in this work, shown in figure 15. In view of the discussion of the 
Blejer theory in section 2, this latter result is surprising, since the dimen- 
sions of the former top hat compared to X (a/A = 3, b/A = 7, L/A = 3) are 
smaller than those of the latter top hat at either 35 GHz or 93 GHz (table 1). 
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Table 2. Comparison 
of measured 
maximum RCS to 
calculated maximum 
RCS. 

The results of the GTS code are practically identical to those of the 
Johansen and Blejer theories for all the reflectors. This is perhaps not sur- 
prising, since, like those theories, GTS uses both geometric optics and 
physical optics to calculate the lowest-order scattered fields from the 
primitives making up the target [18]. Figure 17(b) shows that none of the 
theories or simulations predicts the broad dip in the bruOl RCS measured 
between 6el values of 55 and 75 degrees. 

Tables 2 and 3 summarize the extent of agreement between the measured 
and computed HH RCS discussed above. Table 2 gives the difference, 
expressed in dB, between the maximum RCS measured in the 6el range of 
10 to 80 degrees and the maximum RCS predicted in that range. Table 3 
gives the root-mean-squared (rms) difference between the measured RCS 
and predicted RCS over that same range in 6el, obtained by comparing 
each measured data point in that range with the corresponding predicted 
value. Since the estimated standard deviation of the measured RCS is 
about 1 dB, an entry in these tables of that amount can be taken to signify 
complete agreement. 

The results of table 2 have direct practical significance, since, in using these 
reflectors for calibration purposes, it is convenient to orient them for maxi- 
mum return. Because of the oscillatory nature of the top hat measured 
data, especially at 35 GHz, its results were based on estimates of the "dc" 
value of the measured data in figure 15. The result of these estimates is that 
all the predictions of the maximum top hat RCS, except those of SRIM, 
agree with the measured values within 1 dB. For the Bruderhedrals, all the 
predicted maximum RCS values are within 2 dB of the measured ones, ex- 
cept for predictions of the theories and GTS for bru03 at 93 GHz, which 
deviate from the measured values by 3 dB. 

RCS difference (dB) between measured maximum RCS and predicted maximum 
RCS in the elevation angle range of 10 to 80 degrees. 

Top hat bruOl bru03 

Model 35 GHz 93 GHz 35 GHz 93 GHz  35 GHz 93 GHz 

Blejer/Johansen 110             113 
Johansen 
GTS 110             12            3 
xpatch2 112            2             0             2 
SRIM -3          -3            0-2-1             1 

Table 3. Overall 
comparisons of 
measured RCS to 
calculated RCS. 

RMS difference (dB) between measured RCS and predicted RCS over 
elevation angle range of 10 to 80 degrees. 

Top hat bruOl bru03 

Model 35 GHz 93 GHz 35 GHz 93 GHz 35 GHz 93 GHz 

Johansen 
Blejer 
GTS 
xpatch2 
SRIM 

2 
2 
2 
2 
2 

1 
1 
1 
1 
2 

2 
2 
2 
2 
1 

2 
1 
2 
3 
2 

2 
1 
1 
1 
1 

2 
2 
2 
2 
1 
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Since table 3 gives rms values, its top hat data are probably numerically 
correct, even though the measured top hat data are oscillatory, since many 
oscillations occur throughout the 10- to 80-degree range in 6el. The predic- 
tions for all the reflectors agree overall with the corresponding measured 
data to within 2 dB, except for the 93-GHz prediction of SRIM for the top 
hat and the 93-GHz prediction of xpatch2 for bruOl, which are within 3 dB. 

The predicted differences between the maximum HH RCS and the maxi- 
mum W RCS were almost always within 1 dB, in agreement with the 
measured values at 93 GHz. Table 4 gives the measured maximum and 
predicted maximum VH RCS, respectively, for all the reflectors. As was to 
be expected, based on the general reciprocity theorem [19], HV RCS values 
measured at 93 GHz were nearly the same as VH values measured at 
93 GHz. Based on a physical optics treatment at MMW frequencies of the 
plane dihedral [17], when that reflector is oriented parallel or perpendicu- 
lar to the polarization vector and has dimensions that are large compared 
to A, as was the case for the reflectors in this work, the xpol RCS for that 
reflector should be extremely small. The very small values in table 4 there- 
fore imply that, polarimetrically, the top hat and Bruderhedral are very 
similar to the plane dihedral. For the top hat and bruOl, the maximum 
measured VH RCS may be attributed to a finite orthogonal admixture in 
the radar's polarization; the existence of a possible significant xpol RCS; or, 
what is most likely, a slight misalignment, whose effects would be more 
pronounced in xpol channels than in copol channels. The finite simulated 
VH RCS may be attributed to computational artifacts, such as roundoff 
error. 

5.2      RCS versus Azimuthal Angle 

Figure 19 compares measurements of the HH RCS versus 6az at 6el = 
45 degrees for bruOl at 35 and 93 GHz with xpatch and SRIM predictions, 
and figure 20 does the same at 93 GHz for bru02. In all cases, the central 
lobes predicted by the codes are wider than the measured ones, but similar 
to them in shape and amplitude. 

The codes predict sidelobes for bruOl that are wider than the measured 
ones, and they predict practically no sidelobes at all for bru02. 

Table 4. Maximum VH RCS. 
Maximum RCS (dBsm). 

Top hat bruOl bru02 bru03 
Source 
of values   35 GHz 93 GHz 35 GHz 93 GHz 35 GHz 93 GHz 35 GHz 95 GHz 

Measured  -13 -20 0 -8 * * 2 2 
Blejer * * * * * * * 

GTS * * * * * * * 

xpatch2      -60 -70 -10 -10 -42 -80 -20 -35 
SRIM         -95 -81 -104 -51 -100 -89 -34 -34 

*No VH predicted or measured. 
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Figure 19. 
Measurements and 
predictions of bruOl, 
HH RCS versus 
azimuthal angle at 
(a) 35 GHz and 
(b) 93 GHz. 
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Figure 20. 
Measurements and 
predictions of bru02, 
HH RCS versus 
azimuthal angle at 
93 GHz. 
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6. Conclusions 
Our experiences in the course of measuring the RCS data described herein, 
and the extent of agreement between the results of those measurements 
and theoretical predictions, lead to the following conclusions: 

1. A prediction of the maximum copol RCS of a given top hat or 
Bruderhedral at millimeter wavelengths based solely on the Johansen or 
Blejer theories, or the GTS, xpatch, or SRIM codes is not, in general, reliable 
to better than 3 dB. 

2. One may determine the RCS of those reflectors with a reliability closer to 
1 dB by making direct measurements. However, the following special pro- 
visions for care in making those measurements must be taken in addition 
to "standard" ones. 

a. Take special care in aligning the reflector with the RLOS every time the 
reflector is remounted. A three-axis mount would be very desirable. 

b. Make repeated absolute calibration measurements on a "well-under- 
stood" reflector, such as a sphere, cylinder, or trihedral for copol and a 
dihedral for xpol. 

c. Perform the calibrations in 2(b) before and after each set of measure- 
ments of the relative return signal from the reflector versus elevation 
angle. 

3. To achieve calibrations of a radar reliable to nearly 1 dB using these reflec- 
tors, one must be able to control the orientations of the reflectors relative to 
the RLOS to about 5 degrees in the 6ei plane, and to as little as 0.5 degrees 
in the 6az plane. 

4. All the above theories and codes predict a shape of the reflector copol RCS 
at millimeter wavelengths for 10° < 6el < 80° that is almost identical to the 
measured one for a top hat, but not for a Bruderhedral. The shapes pre- 
dicted by SRIM for any of those reflectors may or may not be reliable. 

5. The measured xpol RCS is very small relative to the measured copol RCS, 
consistent with predictions of the theories and codes. 
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Appendix A.— Extension of Johansen's Theory 
Figure A-l(a) depicts the bistatic scattering at wavelength, Z, from a right 
circular cyUnder of radius, a, and length, b. Based on equation (1) and a 
known relationship between monostatic and bistatic scattering,1 the 
bistatic RCS, obi, is 

abi = 2mb1cos{de^/X . (A-l) 

When 6el = 0 degrees, equation (A-l) reduces to equation (1) in the main 
body of the report, as, of course, it must. 

Figures A-l(b) and A-l(c) depict the scattering from a top hat based on the 
above right circular cylinder. These figures show that the effective cylinder 
height, b^, is 

beff= 2 L tan(0d), for tan(0d) < b/L , (A-2) 

and 

b^ = 2b, for tan(0d) > b/L . (A-3) 

The factor 2 in equations (A-2) and (A-3) comes about because the top hat 
specular scattering field consists of two components of equal magnitude 
and phase: one due to scattering from the cylinder toward the base, and 
the other due to scattering from the mirror image of the cylinder in the 
base toward the cylinder. 

We postulate that, based on equation (A-l), the top hat RCS is 

o-= 2m (b^)2 cos(0d)/A . (A-4) 

Substituting equations (A-2) and (A-3) into equation (A-4), we obtain the 
top hat RCS given in equations (5) and (2) of section 2 in the main body of 
the report, respectively. 

2G. W. Ewell, "Bistatic Radar Cross Section Measurements," in Radar Reflectivity Measurements: Techniques & 
Applications, Chap. 5, edited by N. C. Currie, Artech House, Norwood, MA (1989). 
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Figure A-l. 
Depictions of 
scattering from 
reflectors based on 
finite right circular 
cylinder. Figure 
shows (a) bistatic 
scattering from right 
circular cylinder, 
(b) backscattering 
from top hat with 
tan (9el) < b/L, and 
(c) backscattering 
from top hat with 
tan (9el) > b/L. 

(a) K-2a—>- Deff 

\ 

(b) 2a—^1 

(c) 
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