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AN ANALYSIS OF THE BACK-SCATTERING PROPERTIES OF A CLUSTER OF CORNER

RCFLECTORS AT X-EAND FREQUENCIES

A AR LACT
Y

Aoztudy of the Laoxr - cattering provertics of a
cluster of Ffour soiare..ornsy refloctors is carried
oui, and the rezulte

ueed 1o calculate approximately
. ot a cluster ol four corner
re1lectors with a oiroutqar back-platec. Tt is shown
that this cluster of orner reflectors with sides
0,725 metres lony -5 4an average radar cross-seclion
preater than one sasace-metre over a wide range of

the radar crogs—-cee™:

incident angles 2t J/-Baud frequencies.
T —

-
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1. INTRODUCTION

In response to a requirement of the Defence Research Establishment
Suffield (DRES), Alberta, a study has been made of the back-scattering
properties of a cluster of four corner reflectors of the type illustrated in
Figure 1, .t X~-PBand frequencies. This cluster, which has a circular back~-
plate, is housed in a sleeve attached to a miss-distance indicator, The
complete assembly Is Luwed behind an aircraft and tracked by a radar te
provide tracking information for a ground-based gunnery system.

The simplicity of the configuration makes an analytical selution
feasible.  The radar cross-section of a cluster of four squarce~corner
reflectors of the type illustrated in Pigure 2 is calculated, and an
approximation is used to allow for the effcct of the circular back-plate,
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Figure 1, Diagran of a cluster of carner reflectars with a circular back-plate
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Figme 2. Diagrain of a cluster of four square-corner reflectors
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A squarc—corner rellector, which is Illustrated in Figure 3, is one ol
tamiliar ¢lass ol tarpets designed to maintain a high radar-cchoing et fli-
ciency over a wide range of incident angles.
the back-geattering propurtics ”ﬁ

in 1944 and later by Robertsont”

<d

Extensive analytical work on
these targets was carried out by Spencer

incident energy by () a triple-reflection process from the three mutually
perpendicular sides, (b) a double reflection process from two of the corner
surfaces and (¢) a single relflection process from one of the corner surfaces, !
The intensity cf this back-scattered radiation may be represented by an
cquivalent effective back-scattering area whiclh is dependent on the orienta-
tion of the source of tne radiation relative to the reflector. Thus, the
corner reflector bebaves as though it were a flat reflecting surface normal

to the incident energy and re~radiating energy in the direction whence it
came,

in 1947, 'This reflector back-scatters s

In Section 2 ol this report, an expression for

the radar cross—-section
is derived in terms of the effective back—scattering

areva,  The determination
of the cffective back~scattering arca and radar cross~-section for the cluster
in Figure 2 is presented in Scetions 3 and 4.

Results are presented in
Section 5

to Illustrate the back-scattering properties ot a cluster of four
square—corner reflectors att X-Band freauencies, The results from Scection 5
arc then used to calculate approximate values of the average radar cross—
scection of the cluster in Yigure 1.

2. LXPRESSION FOR THE RADAR CROSS-SLECTION

The corner reflector is a passive deviee for enhancing the back-scatter-
ing of clectromagnetic radiation, 1t is dmportant to know the directivity
gain, power gain and hence the radar cross-section of such devices if they
are to be used as targets for determining the performance of radar systems.
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Piguie 3. Diagram of a squine-corner teflector
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With respect to the coordinate the power gain

system in Tigure 4,
G(0,¢) and the directivity gain D{0,¢) are related byl?]
G(0,¢) = n DO, (1
where
0 = azimuth angle
¢ = elevaticn angle i
n = efficiency parameter,

The efficiency parameter, n, takes into account the reduction in power
delivered to the radiateor due to ohmic and mismatch losses, 1In this reporg,

n is assumed to be unity and therefore G(0,¢) = D(6,¢). This agsumes that

the corner reflector has no power losses, that is, it has zero surface
absorption. The power gain may be defined as the ratjo of the maximum radia-
tion intensity (power density) irom the subject radiator to the radiation
intensity of a lossless isotropic radiator with the same power input. Since
the corner reflector bechaves like a flat reflecting surface normal to the
direcrion of the incident energy, its power gain G(0,¢) rela:.ive to a lossless
isotropic radiator is the power gain of a uniformly illuminated aperture[”]
given by

4'IIAC(0, ¢)
C‘(O,qJ) = >\’2 (2)

where A_(0,4) is the cffective back-scattering arca of the aperture and A is
the free-space wavelength, The radar cross-section o(9,¢) may be determined
from equation (2) giving

4mla_(0,4)1°
0(0yv) = GA_ (0,¢) = ———=m—— (3)

The parameter o(0,¢) may be used in the radar equation[S] together with the
given set of radar system parameters in order to calculate the performance to
be expected of the radar as a detection or measurement device, Therefore,
such problems involving ccrner reflectors reduce to the calculation of the
effective back-scattering area as a function of the direciion of the incident
encrgy. P

c

N

Fuure 4, Spherical coordinate system defining 0 and ¢




3. DETERMINATION OF THE EFFECTIVEL BACK-SCATTLRING AREA

The effective arca of a corner reflector due to back-gscattering may be
; written as the sum of three terms,

1 2y, 3 .
. AC(0,+) = AU( )(n,¢) + Ac( )(u,¢) 4 A“( )(u,¢) (4)
where
- (n . . - .
A (,4) = effcet lve area duce to one reflection only
o ;
€ e R,
A (0,9) = cifective arca duce to two reflect ions, and
; o
I R : o
! I (U,4) = cifcctive area duc Lo three reflections.,
o

i - . 1),
In Ehc computation of cquation (4), the relative phases among Ac( )(u,¢),
Ae(‘)(0,¢) and AC(3>(G,¢) shall be dpnored., Therefore, AL(U,¢) becomes the
average of the effectivc‘back—scaLﬁgring avea in the ncighbourhood of ¢ and
¢. Expressions for Ac(l)(0,¢), Ad(“)(O,ﬁ) and AC(B)(D,¢) are derived in this
section according to the coordinate system given in Pigurce 4.

. 3.1 EFFECTIVE BACK-SCATTERING AREA DUE TO ONE REFLECTION

A P P e, i v A 13 S

An erpression for the effective area due to one reflection from a
surface of the corner reflector will be derived. S8ince this is dimportant
only at near ncrmal incidence to the surface under consideration, the pregence

g of the other surfaces miay be dgnored, TFigure 5 illustrates the geometry of

i the situation, Here, ODLEF is a squarce surface with sides of length a on the
OAB plane; P is the position of the radar where radiavrion is emitted and

i scattered radiation is measured; Q is a point scatiterer on the surfacce ODEF.

The effective area due to back-scattering frum surface ODEF may be
written as a double integral

a a

)

m

Aw(l)(U,Q) = K expljlut - 2 |R = 7| -

o=0 R=0

11 deds (5)

>q

where

K = scale factor to be determined later,

= carrier frequency in radians per second,

Tt £
]

= time paramecter,

position vector for point P = (Kcos¢ cos0, Reosd sind, Rsing),
relative to origin 0,

position vector for point Q = («,B3,0), and

coordinates of point Q on surface ODEF,
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Figure 5. Diagram for calculating the dependence of AC“)((:‘Z*“O,q‘;)/a2 on ¢
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The term 2
radiation in its round trip from P to Q and

> >
In practice, !RI >> ]r] and therefore one may write

B , L
|R = ¥| = {[R cos¢ cos0 - al? + [R cos$ sin0 - 8]7 + R2 sin¢}’

= [R? = 2R (o cos¢ cos® + B casd sine)]/2

x~ R - (o cos¢p cosf + B cos¢ sinb).

Thus,

->
- rI represents the distance travelled by clectromagnetic
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Ae (0,¢) = K exp{j[wt—jr—]J expljlér(acostcost+iicos¢sint) ] dadp (10)

=0 £=0

0 .Z( 23.‘
= Ka~ oXp {][mt —-ifl~ + —%i cos¢ cosl + —a}icos¢ sind }

sin(2na cosg cos0/3) CosinQ@ua cosg sind/A) (11)

2una cos¢ cosi/A 214 cosd sinv/ A

Since one is only interested in the magnitude of A, (1)(0,\,), the phase factor
on the right hand side of cquation (11) may be Jgn01cd and the magnitude of
the remajnder taken., The constant, X, is unity in the case of zero suarface
absorption because one must hawve

1 . 9. .
Ac( )(0=0, $=90) = a“, if n = 1, (12)
Hence, in general
( )(0 o) = a Ib]ﬂ (2ma cos¢ cosC/A) L1sin (271a cosg sind/A) (13)
2m1a cosd ¢os0/A 21a cosd sinl/A ’

A plot of Ae(l)(0=0,¢)/a2 as a function of 2Zwa cos¢/A is presented in Figure
6!

3.1.1 Effective Back-Scattering Area Due to One Reflection Trom Cluster
Surfaces

Using the solution for one reflection given in equation (13) as a guide,
tiie cffective back-scattering area duc to one reflection from the cluster
surfaces of Jigure 2 may be expressed as,

’sin(éwa cos¢ sinO/})i
{ 4ma cos¢ sind/X

(1)

A sin{4ma cos$ cos0/))
e

4ma z35¢ cosd/A

(8,0) = 4a?
} t
[1 + sign {sing)]
2

sin(2ma sing)
2ma sing I

.2 |sin(2wa cos¢ cosf/))
*+ 2a 2m1a cos¢d cosd/A

sin(2ma sind/Xr)
27a sin¢/A

sin(2ma cosd sind/A)

+ 2a” -
27a cos¢ sinO/A

(14)

The first term in equation (14) is the effective back-scattering area
trom the surface on the OAB plane, 1t has four times the physical area of

I T S S N T
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Figure G. Piot of Ac(”(f):o,zp)/a’ as a function of 2na cosg/
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one surface of an individual corner reflector, The second term is the
effective back-scattering area from two surfacces on the OAC plane, each
having twice the physical arca of one surface of an individual corner
reflector., The third term, which is similar to the second termy is the
effective back=scattering arca from two surfaces on the GBC plane, The
factor [1 + sign(sing))/2 has been included in the first term of equation
(14) since we are not interested ip back-scattering of electromagnetic
ecnergy from the reverse side of the cluster.

3.2 EFFECTIVE BACK~SCATTLCRING ARLCA DUL TO TWO REFLECTIONS

The etiect ive back-scattering area due 1o two roflections 'rom o
corner reilector can be caiculated 1o torms of douly! ¢ reflections trom
diplanes,  There are three diplancs in the corne: reflector,  The senm axes
of these diplanes are Jabelled OA, OB and 0C in Figure 7, The definition of
the remaining symbols in this figure are as follows:

P = position of the radur

0S = unit vector along op
Ol = projection of US onto the OBC plane

angle between OB and OT

<
I

—
{cosh cesY, ces¢ cinl, sing) = direciion cosines of us,

Figute 7. Diagram for calculating the dependence of Ae‘2>(0:90,¢)/a3 on o

e
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The effective back-scattering ar2a due to vwo reflections from the
diplane with scam axis OA will be derived here, The effective back-scattering
areas duc to diplanes with scam axes OB and OC can be determined from the
result with seam axis QOA by permutation of the direction cosines.

According te the analysiz of R.C, Spencer in Refercnce[l], effective
back=scattering area due to the diplane with seam axis OA may be written as
a product of two terms,.

45°
90° (15)

2a sin y , 00 <y
+{2a Sin(QO"w)’45° < P
Q ’otherwise

a sin(2wa coso cosU/A)
21a cosd cosO/A

IAaln

A B ,n

The factor inside the absolute value sign in equation (15) is a differaction
pattern dependent on the length of the diplane and the airection cosine on
the scam axis OA. ‘o undevstand bow this diffraction pattern arises, it is
sufficient to note that the diplane may be divided into a large number of
strips parallcl to the OA axis, ecach strip contribuling to the diffraction
pattern in equaticn (15;. The sccond term represents the effcctive back-
scattering area ol the diplanc for normil incidence on the seam axis OA,
Taking note that

sing - sing — (16)
(cos?$ sn’@ -+ sin4¢) *
sin{90~-y) = cosy
:____“' COSY CuNuU - » , (l7>
(cos¢ sin’0 + sin”¢)
and
cos$ cos0, sany > 0 if, and only if 0° < 0, ¢ < 90° (18)
equation (15) may be rewritten as
A (2)(0 ¢“ =qa2|sin(2wacos¢cosU/A) Jsmaller of |cosgsind,sing]
o ’ )!OA < 2iacosdcost/ A (uos”¢sin7u+s{n7¢)u
[1 + sign(cosd sin®)] 11 + sipn(sing)] (19)

2 . 2

Eigurc 8 shows a plot of AC(Z)(O=9O°, ¢)/a’ as a function of ¢, that is, when
0S je perpendicular to the seam axis OA,

3,2.1 Cffective Back-Scattering frea Due to Two Reflections From Cluster
Surfaces

In the cluster of VFigure 2, there are effectively eight diplanes of
which two are associaled with scam axis 0A, two are assoclated with seam
axis OL and four arec associated with seam axis 0C, Using the solution given
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Figure 8. Plot of /\(‘(2) {1 -90,4)/a™ a5 a tuncuion of o

in equation (19) as a guide, the effective back-scattering arca due to two
reflections at the cluster surifaces may be written as

Ap(Z)(G’¢) - 45" Sin(&ﬂnuos¢cosﬂ/kl’ gsmaljcr of [lcosgsino], sinqj(

dracospcosi/h ] (cos’¢sin’0+sin?¢); |

11 + sign(sing))

2
+ 4a? Sin(4ﬂa605¢sin0/h)|'Ssmaller of L]cos¢c0561‘ sin¢]
a 4macosdsind/ A , 2 (cos2¢cos704s1in ¢ )l
o [1 + sipn(sing)]
»
+ 247 sin(2nasing/A) isma]let Or7[ICOS¢COSOI,‘COS¢$iHOI] (20°
¢ 2masing /A coséd )

The first term in cquation (20) is the effective back-scattering
arca due to diplanes with seam axis OA. These diplanes have lengths 2a
along the scam axis. Similarly, the second term is the of fective back~
scattering area due Lo diplanes with seam axis OB. The third term is the
affoctive back-scattcering area duec to diplanes with scam exis 0C. Tha
function [1+sign(sing)]/2 1s included in equation (20), since we are
interested only in back-scattering from the front of the cluster,
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3.3 LFFLECTIVL BACK-SCATTERING ARLA DUL 710 THRLE RLFLLCTIONS

An expression lor the ol tective back-scatlerlng arca due to three
rel lections from a corner retflector may be found in Refercucel . 1o the
present report, it shall be wirlitten as

3) (0,0£ < 0
Ae (0,¢) = {4a” m/n . £ >0, m<mn/2 (21)
a’8(4 - n/m), £ >0, m>» n/2

wvhere
2 = smallest of [cosdcosO, cosd sinf, sing] (22)
n = largest of [cosd cost, cosd sinl, sing] (23)
m = remainder of [cos) cosf, cosy sinl, sing] (24)
or m = cos¢ cosO + cosd sinh + sing - £ - n, (25)

for cos¢ sind, sin¢ > O if, and only if 0” < 0, ¢ = 90°.
It can be ghown that the maximum value of Ae(a)(0,¢) will occur when
f=m=n=1/V3 (265

resulting in a maximum value of the cffective back—-scattering area duce to
three reflections:

Au(3)(0,¢) - a? /i, (27)

The direction at which this maximum occurs may be determined from equations
(22) - (24). The resulting values for 0 and ¢ are 45,0° and 35.26° respec—
tively. Figure 9 show plots of Ae(3)(0,¢)/37 as a function of 6 for various
values of ¢. For fixed values of ¢ the effective back-scattering area due

to three reflections recaches a maximum at 6 = 45,0°, As stated earlier, this
maximum is largest at ¢ = 35.26°,

3.3.1 Effective Back-Scattering Area Due to Three Reflections From
Ciusier Surfaces

Using the result for three rvefleciions given in cquations (21) - (25)
as a guide, the cffective back—scattering area due to three reflections from
the cluster surfaces in Figure 2 may be given as

(3) O,’f,(O
A (0,¢) ={4a’ tm/n £ >0, m<n/2 (28)
¢ a” 8 (b-n/m), £ >0, m>n/2
where
2 = smallest of [jcos¢ cosO|, |cos¢ sinOI, sing¢] (29)
n = largest of [Icos¢ cosO’, |cos¢ sinOI, sing] (30)

;
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Figure 9. Plot of /~‘-c(3)(0,r]:)/a2 as a function of 0 for various values of ¢
m = rem=inder of [|cos¢ cos0|, |cost sinG|, sing] (31)

for all values of 0 and sing > 0 if, and only if 0° < ¢ < 180°,

4, DETERMINATION OF THL RADAR CROSS-SCCTION FOR A CLUSTER OF
CORNER REFLECTORS

In equation (3), the radar cross-section is given in terms of 0 and ¢ as

bula (0,4))7

u{l,9) = TR {(32)
whiere
_ . (D (2) (3 .
Ae(0,¢) = Ae (0,¢) + Ac (6, ) 4 AC (0, 4), (33)

Parameter o0(0,¢), which has the dimensions of area, may be expressed in
decibels relative to a one gquare-metre target as

c(6,6) dBg,, = 10 10510[(o(o,¢)/1m7] (34)

provided A (0,¢) aund A? are expressed in square metres,
1.

4 il i
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In the results to be presented in Section 5, plots are made of the
radar cross—-section in decibels 1elative to a one squarc-metre target accord-
ing to equation {(34) for the cluster illustrated in Figure 2. Since this
cluster ol four corner reflectors is symmetrical about axes CGA and OB, one
can verify that

o(0,9) (90 + 0, ¢)

il

(90 -~ 0, ¢) . (35)

Thus, we need only plot o(0,¢) for 0° < 0 < 43° since beyond this range o(0,¢)
repeats.

5. DISCUSSION OF RESULTS FOR A CLUSTER OF FOUR SQUARE-CORNER REFLECTORS

In the following resuits, plots are made of the radar cross—scection in
decibels relative to a one souarce-metre target against O for various values
of ¢, with 2 = 0.225 metres and X = 0,030 metres. This choice for a is based
on the cluster which is to Le used by DRES. 1n addition, plots are made of
the normalized cffecrive back—scattering arcas duc to single, double and
triple reflections which give rise to the plots of the radar cross-—-section,
Since the relative phases of vhe multiple reflections at the corner surfaces
have been ignored, the result for the radar cross—-section is the same as the
average of many measurements -n the neighbourhood of (6,4¢).

Figure 10 shows a plot of the radar cross-section in dccibels as a
function of 6 for a value of ¢ = 35.26° for the cluster of four square-corner
reflectors in Figure 2, Figure 11 show plots of the individual effective
bacu—scattering areas which gave rise to the total radar cross section in
Figure 10, It may be noted that the maior contribution to the total radar
cross—section when 6 = 0,0° is through two reflections; the contribution due
to one reflectisn being insignificant. However, as 6 increases, the resultant
effective back-scattering area due to two reflections decreases but that due
to three reflections increases and peaks at 6 = 45,0°. At this value of 0,
the resultant effective back-scattering arca is duc almost entirely to three
reflections,

Vigure 12 shows a ploi of 0{0,¢) dBigM against U for a value of ¢ = 0,0°,
Figure 13 show plots of the individual effective areas which gave rise to
the results in Figure 1Z. 1t may be noted that when ¢ = 0,0°, the effective
back-scattering area is due to one reflection from the cluster surface on the
OAC plane, lowever, as 0 increases, the effective back-scattering area due
to one reflection decrecases but that due to two reflections increases and
peaks at 0 = 45.0°, At this value of U, the resultant effective area is due
almost entirely to two reflections from the diplane with seam axis OC.

In Figure 14, where the direction oy the radar is perpendicular to the
surface of the cluster on the OAB plane, 0(0,¢=90) remains constant for all
values of 0, This result is to have been expected since in this direction,
a square, flat surfacc is observed which has four times the area of any one
surface of a single corner reflector, in turn reflecting a constant amount:
of energy through one reflection for all values of 0. The effective back-

L)
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scattering area duc to one rveilection which gave rise to the result in Fipuve
14 is illustrated in Figure 15,
]
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As a further example of the way in which clectromagnetic cnergy is
back-scattered from this cluster, Figure 16 shows a plot of the radar cross-
section in decibels relative to a one square-metre target against ¢ at 0 =
45.0°. Tigure 17 show plots of individual back-scattering areas due to
single, double and triple reflections which gave risc to the resuvlts in
Figure 1€. When ¢ = 0,0°, the resultant effective area is due to two
reflections from the diplane surface with scam axis 0C. However, as ¢
increases, the effective area duc to twoe reflectious decreases because of the
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difiraction etftfect but the ellective area due to three reflections increases

reaching a peak at ¢ = 35.26°, As ¢ continues to increase, the c¢ffective

area duc to threce reflections decreases, reducling to zero vien ¢ = 90.0°. At

this value ot ¢, the resultant effectlve area is due to one reflection from

the surface ol the cluster on the OAB plane, These results are instructive

in that they illustrate the dependence on ¢ of effective back~scattering

areas duce to single, double and criple reflections, )

5.1 DISCUSSION OF RESULTS OF THE AVERAGE RADAR CROSS-SECTION FOR A CLUSTER OF '
FOUR SQUARE-CORNER REFLECTORS

Generally, the average radar cross=section is a useful measure of the
ability of the cluster to retlecr electromagnetice cnergy back to the source,
Figure 18 shows a plot of the averape radar cress-section o,,($) in decibels
relative to a one square—-metre target (averaged over one revolution in 0)
against ¢. 1t may be noted from these results that this cluster has an
average radar cross-section which exeeeds that of a one squarc-metre target
over the entire range of ¢, When 4 = 0,0°, the average radar cross—section
is dne to one reslecrion f'rom the surfaces on the OAC and OBC planes and from
two reflections Lrom diplanes with seam axis 0C. When ¢ = 90.0°, the resul-
tant average radar crogs-section is duce to one reflection trom the surface on
the OAB planc. In the remaining portion of the plot, the resultant average
radar cross-section is due to a combination of single, dounle and triple
reflections.

6. CALCULATINN OF THE AVERAGL RADAR CROSS-SECTION FOR THE CLUSTER
ILLUSTRATED IN FIGURE 1

In Figure 19, a cluster of corner reflectors of the type illustrated in
Figure 1 is superimposed on a cluster of four square-corner reflectors. When
the direction of the radar is perpendicular te the OAC plane (i.e., ¢ = 0.07),
the physical areas of both clusters are identical; therefore, the average
radar cross-section for both clusters will be identical, When the direction
of the radar is perpendicular to the OAL plane (i.e., ¢ = 90,0%), a circular
plate and a square plate are observed., The physical area of the circular
plate is smaller than that of square plate by a facter of n/4. Consequently,
the average radayv cross—section duce to the circular plate will be smaller
than that duc to the square plate by this factor.

Let the average radar cross section OCIPC(¢) for the cluster illustrated
- N\ .
in Figure 1 be given in terms of the average radar cross-—-scction OAv(¢) for

the cluster illustrated in VFigure 2 as .
Oerne(®) = KW o, () (36) |
We know that ' ’ ;
K(#) = 1 for ¢ = 0.0°, (37)
and
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K(¢) = (n/4)” for ¢ = 90,0° (38)

For other values of ¢, K($) 1s not known. We now make the assumption that
K($) decreases linearly {rom unity to (r/4)° as ¢ changes from 0,0° to 90.0°,

, that is,
N . - b2 -
§ K(¢) 1+ 90 (7 /16 1). (39)

With this cxpression for K(¢), average values of radar cross—gection may be
determined for the cluster of corner reflectors illustrated in Figure 1 fyrom
average values of radar cross-section for the cluster of square-corner
reflectors illustrated in Figure 2. A plot of K(¢) in decibels against ¢ 18
shown in ¥igure 20,

Figure 21 shows a plot of the average radar cross scetion agype (9) in
decibels relative to a one square-metre target for the cluster illustrated
: in Figurc 1 from valnes of 'JAV(q») for the cluster illustrated In Fipure 2
% according to cquation (30), 1t may be noted that this clusiter has an average
: radar cross—scction which exceeds that of a one square=melre targel over a
: very large portion of the range of angies in 4.
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7. SUMMARY AND CONCLUSIONS

It has been shown that the resultant effective back-scattering arca of
a cluster of four squarc~corner reflectors may be decomposed into the effec~
tive back-scattering arcas due to single, double and triple reflections.
From the computation of the effective area of this cluster, approximate
values of the average radar cross-—-section have been determined for the cluster
of corner reflectors with a circular back-plate, These results show that, for
corner reflectors having sides of 0,225m length, the radar cross-section
exceeds that of a one square-metve target over a wide range of incident
angles at X-Band frequencies, The results presented in this report apply to
the case where tree—-space propagatjion prevails and therefore do not include
the ceffects of multipath and other transmission anomalies which arise in
practice.
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