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Normalization and Interpretation of Radar Images
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Abstract—Calibrated radar images are often quantified as tion and interpretation of scattering brightness are discussed
radar cross section. This interpretation, which is not strictly pelow.
correct, can lead to misunderstanding of test target scattering
properties. To avoid confusion, we recommend that a term such as
“scattering brightness” (defined below) be adopted as a standard II. RADAR CROSS SECTION AND SCATTERING MATRIX

label for image-domain data. . . .
g Radar cross section (RCS) is defined as

Index Terms—Radar imaging. 2
U(k"ki) = lim 47T7°2M (1)
I. INTRODUCTION 0
ADAR IMAGE data have often been represented aghererL; is the amplitude [V/m] of the incident plane wave
“radar cross section (RCS) idBsm.” Although images field andE; is the amplitude of the scattered field component
may properly have the units dB (re 1’jn(commonly abbre- received at a distancefrom the target. RCS depends on the
viated dBsm), the interpretation of image levels as RCS @ections of incidencek;) and scatteringk,) and on the

incorrect except under special circumstances. Unfortunateljgauency(w = 2rf = ke, k = [k.| = [k;]). Polarization
even legitimate labeling of image levels with dBsm can indudéependence is suppressed in this discussion. In the monostatic
an unintentional connection between images and RCS data gse ks = —k;.

Images cannot, in general, be directly associated with RCSCalibrated coherent radars usually measure (components
Consider the effects of shadowing, for example. Here, ti9é) the scattering matrix, which can be defined through the
prominence of a scattering center depends on the influefgefield relation
of other parts of the target. A definition of RCS based on . B, (k)
image data obviously cannot describe an intrinsic property of S(ks, ki) = lim 7exp(jkr) E»(k») . 2)
the component scatterer. The interpretation of image level as B
RCS can be justified only for targets consisting of isolatedhs normalized here$ has the dimensions of length [m]. From
independerit isotropic, nondispersive scattering centers. Sugh) and (2)
targets exist only in an approximate sense, at best.

Images are formed from weighted sums of scattering data ok, ki) = 4m|S(k,, k;)|”. 3)
over a range of frequencies and/or angles. If the weights ) o )
are dimensionless, the image-domain function will have the The target scattering matri¥ is often determined from
same dimension as the original data. The problem arises’gasurements using
the interpretation of these weighted averages as RCS, a term Frovect (b k;) — FYod(k k;)
reserved to describe target scattering for a specific frequencyS(k;, k;) = Pk SI::»)Z s s’;’),
and geometry. Analysts familiar with the imaging process R oo
will most likely appreciate the distinction between RCS and =[Pt (ky k) — FUR9 Ry k)] w(k). (4)

images; other users of images, however, may interpret the units . L )
r{ThIS calibration scheme requires measurement of the ref-

to imply a strict equivalence to RCS. To avoid confusion, -
we recommend that a term such as “scattering brightness” gjgnce target at the test tfarget Ioc_:atlon. Other schem_es are
ble.) We assume th&t® (k;, &;) is known from a previ-

adopted as a standard label for image magnitude. The defff?sS! _ _
ous measurement or computation. Theéerms symbolize the

Manuscript received December 5, 1996; revised November 4, 1997. Comp|ex response of the radar receiver, which is proportiona|

J. P. Skinner is with the Department of Electrical and Computer Enginegt- . . . .
ing, Air Force Institute of Technology, Wright-Patterson Air Force Base, Olib the scattered field in a linear system. Equation (4) uses

45433 USA. background subtraction to remove clutter effects. Nominally,
B. M. Kent is with the Signature Technology Office, Air Force Researcthe calibration factom(k) does not depend on the angles of

Laboratory, Wright-Patterson Air Force Base, OH 45433 USA. P SNt ;
R. C. Wittmann is with the National Institute of Standards and Technologg:lCIdence or scattering; itis Commonly measured as a function

Sr‘ef (kg ; k?)

Boulder, CO 80303 USA. of frequency in some advantageous fixed geometry.
D. L. Mensa was with the U. S. Naval Weapons Center, Pt. Mugu, CA

93042 USA.
D. J. Andersh is with Demaco Inc., Champaign, IL 61820 USA. Ill. | MAGE FORMATION

Publisher Item Identifier S 0018-926X(98)02740-9. . . .
1That is, the target scatting matrix is the sum of the scattering matrices ofA Set_ of scattering dat"_" can prOduce a variety of Images
the component scatterers. depending on the processing scheme. For example a “complex

U.S. Government work not protected by U.S. copyright.



SKINNER et al.: NORMALIZATION AND INTERPRETATION OF RADAR IMAGES 503

-9 ; ; : \ » -10
‘E-20r .
—12r 7
=
E %30 .
m —
W St
O A
& o 40
E
-18 =
(}J) _50 N ’\rA\
A yMﬂf Ve
21 | ¢ L ) 1 -6 mMMWW L ] s ‘ “1‘..‘ \““w” Lo
3 6 9 12 15 18 —8.5 -0.25 0 0.25 0.5 0.75
Frequency [GHz] Downrange Position [m]

Fig. 1. Scattering data for an 8-in-diameter sphere: RCS versus frequenéyg. 2. Downrange image of a perfectly conducting 8-in sphere. Band 0.1-6
GHz (dashed). Band 0.1-18 GHz (solid). Normalized Kaiser—Bessel window

(8 = 0).
image function"G(r) can be defined as

Thus, the image is the point-spread function
G(r)=Viax > wk, k;)S(k,, k;)exp[—j(k,—k;) - 7]
k. k, ?

(5) PSF(r) = | > w(k,, k;) exp[—j(k. —k:)-7]|  (9)
k. k,

where both the magnitude (which is proportional to frequency)
and the directions ok, andk; are allowed to vary. Imagesscaled by the RCS and appropriately translated. (The weighting
are basically averages (over frequency and/or direction) fction is generally selected so that the point-spread function
coherentscattering data weighted by a functian(k, ki) is sharply peaked at = 0.)
usually selected to improve dynamic range at the expense ofviore complex targets are often modeled as collections of
resolution or vice versa. The choice of weighting function cagtattering centers. Interpretation of image levels to deduce
profoundly affect the resulting image. _ the RCS of scattering centers is questionable unless these
~ To see how an image is formed, consider the case gfattering centers approximate ET’s. Even for targets that may
isotropic_nondispersive objects, which we call elementape reasonably represented as assemblages of ET’s such an
targets (ET’s) for convenience. By isotropic and nondispersivigterpretation is problematic. For example, intratarget inter-
we mean that there is a natural coordinate system in which #i&ions can produce shadows and ghosts. Also, because the
scattering matrix is independent of angle and frequency (0\@$int-spread function has nonzero width, the images of closely

the parameter range of interest) spaced scattering centers may interfere stroniglygeneral,
there is no simple connection between image levels and RCS
So(ks, k;) = Sy = constant. (6) The prescription of images through (5) is actually quite

inclusive. Whenk; and k; are fixed in direction and only
The origin of this coordinate system defines the mathematié¢edquency is varied, we obtain “downrange” images. When fre-
location of the ET. If an ET is placed at positiprnin the test quency is fixed and directions are varied, we obtain synthetic

target coordinate system, the scattering matrix is aperture radar (SAR) or inverse SAR (ISAR) images [2]. More
generally, any combination of frequency and angular diversity
Sk, ki) = Soexplj(ks — k) - pl (7) is permitted.
where, as before3, is independent ok, andk;. In the test- [VV. DEFINITION OF SCATTERING BRIGHTNESS
target coordinate system, the scattering matrix hpesition- | et us require that weights be dimensionless and normalized

dependeniphase factor that is neither isotropic nor nondissg that
persive. According to (3), (5), and (7), the image of an ET

is max |[PSF(r)| = 1. (10)

|G(r)]? =0 Z w(k,, k) exp[—j(k,—k;) - (r—p)] We propose to define an image function by
=0 PSF(r — p). (8) Z(r) = 10log,, |G(r)|? (11)
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Fig. 3. Downrange image of a perfectly conducting 8-in sphere. Band 12-ERy. 4. Downrange image of a perfectly conducting 8-in sphere. Band 0.1-6
GHz (dashed). Band 0.1-18 GHz (solid). Normalized Kaiser—Bessel winddsHz (dashed). Band 0.1-18 GHz (solid). Normalized Kaiser—Bessel window
(& = 0). (8 = 4.

and to label image levels as scattering brightness with units _,
dB (re 1 n¥) or dBsm.

Calibration is such that the image of an ET (with RCS [
o) is proportional to the point-spread function and peaks aE-20r B
a scattering brightness dfd log,,(¢) dBsm. To completely ;é Lk
specify an image formed using the definition (5), the weighting, 1 !
function and the polarizations of incident and scattered fieldé —30F Tl i
must also be givenScattering brightness is not RCS ’l
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V. IMAGING EXAMPLE

=}

As an illustration of the difference between RCS and% b
scattering brightness, consider monostatic scattering from @-50 i ’ﬂ
perfectly electrically conducting sphere. The RCS of such a L s i
sphere is given exactly by the well-known Mie series [3] and MMMM "w”fﬁ\" ’)‘l
the high-frequency limit isr.e = wa?, ka >> 1, wherea is -84 R '
5 0 0.25 0.5 0.75

the radius of the sphere. At high frequencies, the sphere is a Downrange Position [m]
good_appro_mmatlon of an ET Sln(_:e its RCS Is approxmatep(g 5. Downrange image of a perfectly conducting 8-in sphere. Band 12-18
nondispersive. However, wheku is not much greater than GHz (dashed). Band 0.1-18 GHz (solid). Normalized Kaiser—Bessel window
unity, the RCS of the sphere becomes a strong function @f = 4).
frequency and it is this dispersive behavior that distinguishes
the sphere from an ET. In Fig. 1, the RCS of a 0.2032-m (8-in) ) » ) )
diameter sphere is plotted as a function of frequency over tge€re0 < n < N, I, is a modified Bessel function? is a
range 0.1-18 GHz. It is convenient to interpret the frequenéyed parameterf(ky ) corresponds to the smallest (largest)
response of the sphere as an interference pattern betwedfe@uency used, and’ is a constant chosen so that (10)
nondispersive specular signal and a “creeping wave” sigrial satisfied. Then, according to (5) and (11), the scattering
whose amplitude decays with increasing frequency [4].  brightnessZ(x) = Z(r) is given by

To form a one-dimensional downrange image, werlet

I

: |
‘M : J‘

.
fi
i

xz, k, = —k; = k& and sample monostatic scattering data at
N +1 equally spaced frequencies. (Assume, for completeness, N ?
that the incident plane wave ig polarized and that the I(x)=10log,, |47 Zw(kn)S(kn)eXp(—ijnx)
polarized component of the scattered field is received.) The n=0
weighting functionw(k,,k;) = w(k,) is chosen to be a (13)
normalized Kaiser—Bessel window ([5])
2y — ko — kn _ N .
w(k,) =Cly ﬁ¢1 — (W) /Io(ﬁ) The images (scattering brightness versus downrange posi-
0t kv tion) plotted in Figs. 2 and 3 are each formed from a different

(12) frequency band and overlaid with the image formed from the
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full 0.1-18-GHz band Ak = 27Af/e, Af = 10 MHz). The J. Paul Skinner received the B.S. degree from Texas A&M University,

Kaiser—Bessel parametﬁ is set to zero Corresponding toCollege Station, in 1982, the M.S.E.E. degree from the Air Force Institute
t | ind Th | ,t' f the RCS of Technology (AFIT), Wright-Patterson AFB, OH, in 1984, and the Ph.D.
a rectangular window. € specular portion o € @gree from The Ohio State University, Columbus, in 1991, all in electrical

evident at the same position in each image. Furthermore, #wgineering.
amplitude of this specular peak is independent of bandwidtHrrom 1991 to 1996, he was on the faculty of the Department of Electrical
and Computer Engineering at AFIT. Currently a Major in the United States
a_md nearly equal to,;. As such, the _SpeCUIar peak_ behave/ﬁr Force, he serves on the staff of the Secretary of the Air Force at the
like the peak from an ET. The creeping wave portion of theentagon. He is an adjunct Associate Professor for AFIT.
response produces a ghost image, which is evident at a position
(14 7/2)a = 0.26 m behind the specular peak and, which has
an amplitude that depends on the frequency barte 0.1-6-
GHz image in Fig. 2 shows the creeping wave peak about 14
dB below the specular peak, while for the 12-18-GHz image
Fig. 3, the creeping wave peak is hidden among the sidelot
of the specular peak.
The images plotted in Figs. 4 and 5 are identical to tho:
in Fig.s 2 and 3, except that the Kaiser—-Bessel paranieter
set to four. Changing the window shape does not visibly affe ¢
the specular peak position or amplitude, though it does aff Base (WPAFB), OH. In 1985, he became the Senior
. . Technical Expert for the Signature Technology Of-
the amplitude of the creeping wave peak. (Because of lo Y fice, Air Force Research Laboratory, WPAFB. His
sidelobes of thes = 4 window, the specular and creepingspecialties include reduced signature antennas and phased arrays, electromag-

wave responses do not overlap as stronglv as thev do in ﬂq%c computations, and wide-band indoor and outdoor RCS measurements.
P P gly y r. Kent is past chair of the Department of Defense RCS Measurements

f = 0 case. Viewed as a set, Figs. 2-5 show that the amplitui§rking Group and the past chair of the Dayton Section IEEE APS/MTT
of the specular peak is nearly independent of the bandwidthapter. He is the current chair of the Department of Defense Range Comman-

and window shape function used to form the image but the%%'s Council Signature Measurement and Standards Group (RCC/SMSG).
’ t The Ohio State University, he won the award for Best Dissertation in

factors do affect the amplitude of the creeping wave peaKecyical Engineering (1984). He is the two-time recipient of the Air Force

Clearly, it is not possible to assign a unique RCS value to tAgonics Samual Burka Award, three-time recipient of the Air Force Notable

creeping wave peak from a downranae imaae! The im Ortaﬂgwievement Award, and has two USAF letters of Commendation. In 1991,
. ping P . g 9 . P . he was elected a Wright Laboratory Fellow. He is a member of Eta Kappa

point to be made from this example is that the interpretatiqQ, pp; Kappa Phi, and Tau Beta Pi.

of image data as RCS is a problem, even for such a “simple”

object as a sphere.
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VI. CONCLUSIONS
Ronald C. Wittmann (M'88-SM’'98) received the
B.S. degree from the University of Washington,
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from the University of Colorado, Boulder, in 1976.
Since 1978, he has been employed by the Elec-
tromagnetic Fields Division of the National Institute
of Standards and Technology, Boulder, CO. His
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The observations presented in this paper can be summari
as follows.

» Radar images are formed from weighted averages
coherent scattering data.

» Images can be properly represented with units of dBsr

» However, image levels cannot be interpreted as RCS.

» The practice of labeling image levels as “scattering brigh
ness [dBsm]” is recommended to prevent direct associa-
tion with RCS.
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