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Near-Field Scattering by Physical Theory of
Diffraction and Shooting and Bouncing Rays

Shyh-Kang JengMember, IEEE

Abstract—This paper will propose a method to compute the basic idea for NcPTD is given as the following: for the near-
near-field RCS and Doppler spectrum of a target when the field scattering problems to be considered, the transmitting
distances to antennas are comparable to the target size. By anienng js close to the scatterer, but the distance is still much

dealing with a small piece of the target surface at a time, the .
transmitting antenna, and the receiving antenna are in the far- larger than the wavelength and the antenna size so that the

field zone of the small piece of the induced currents. And the field incident to the scatterer is still in the far-field zone
electromagnetic field produced by this small piece of induced of the transmitting antenna. This assumption enables us to
currents can be written as a spherical wave. Sum up all spherical gapproximate the incident field as a spherical wave, not a
waves produced by every small piece of induced currents and We p1ane wave. This incident wave induces electric and magnetic
can obtain the total scattered field at the receiving antenna. The .

currents on the scatterer and the induced currents generate the

physical theory of diffraction (PTD) and the method of shooting . o ;
and bouncing rays (SBR) are modified to evaluate the received Scattered field. Assume that the receiving antenna is also close

signals. Numerical results based on these techniques are obtainedto the scatterer such that the receiving antenna falls in the
and discussed. The formulation in this paper applies the simple near field of the whole induced currents on the scatterer. This
concepts of “equivalent” image and vector effective height, which -1 ac the analysis difficult. But if each time we deal with
are believed to be novel. . . L
only a small piece of induced currents, the receiving antenna
Index Terms—Electromagnetic scattering, geometrical theory s in the far-field zone of the small piece of induced currents.
of diffraction, physical theory of diffraction. Thus, the electromagnetic field produced by this small piece of
induced currents can be written as a spherical wave. Sum up
|. INTRODUCTION all spherical waves produced by the small pieces of induced

. Lo currents and obtain the scattered electromagnetic field at the
HE problem of electromagnetic wave scattering is very - . . ; . .
: . . eceiving antenna. During this process notice that the distance
important in defense applications. The research on this : . s
. : o rom each small piece of induced currents to the receiving
topic was mostly centered on far-field analysis: assume an e . L ;
S . . ntenna is finite and different. This is much different from
incident plane wave, compute its scattered field due to the

scatterer, and evaluate the radar cross section (RCS) of e far-field analysis in which the distance from the scatterer

o L t(glethe receiving antenna is assumed infinity. However, in
scatterer. When the transmitting and receiving antennas . ; . . o
L . only the physical theory of diffraction (PTD) is modified
far from the scatterer, the incident wave can be approximat . : .
. 0 deal with near-field scattering of convex scatterers. The
by a plane wave and the scattered far field can be regarded : ; S
i , . method of shooting and bouncing rays (SBR), which is useful
as the radiation far field due to the induced currents on . )

. . . in evaluating the far-field RCS of concave targets, was not
the scatterer, the far-field analysis thus applies. However
. ) " o ntluded. In the Cpatch code, however, both PTD and SBR
in practical applications, there are many situations that the . L

. - are applied to compute the antenna coupling in complex
distance between the transmitting antenna and the scatterer. . L
environments. Nonetheless, the formulae in [1] are not explicit.

is not large enough to treat the field arriving the scatterer K0, the equations and results of Cpatch cannot be found in
a plane wave and the relative motion between the antennas |

; . academic journals.
and scatterer will produce Doppler frequency shift. In these_l_hiS paper will apply a unified point of view to express

condm_on_s the far-field analysis is not valid and a near'ﬂelglxplicit PTD and SBR formulas for near-field RCS problems.
analysis is necessary.

. ome numerical results and discussions will be given. This
Most RCS papers on academic journals are related to ﬁjs”le 9

far-field analysis. | believe that much research on near-fiel%rmUIMIOn using the simple concepts of equivalent "image

analysis must have been done, but is difficult to find iﬁnd vector effective height, which will be introduced in later

academic journals because of its military value. The fesectlons should be novel, although they must be equivalent to

near-field studies that the author knows are the NcPTD co%ly'é)se utilized in developing NcPTD and Cpatch.

[1] and the Cpatch code [10] developed in DEMACO. The Il STATEMENT OF PROBLEM
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Fig. 1. Near-field scattering scenario.

can always be approximated by a set of triangular facets.a unit vector pointing fron¥- to 7r and Rc = 7 — 7c.
Furthermore, provided that both of the missile and the scattefidris, plus the assumption that the corresponding pattern of
are rigid bodies, and their motions in free-space can Be& does not change much for points on a cell, enables us to
decomposed into a translation and some rotations about thagproximate the incident field as a local plane wave
orthogonal axes.

Since the propagation speed of the electromagnetic wave is E'(7) = E efteefie (1a)
much larger than the speeds of the target and the missile, at aiith
given instant we can determine the positions and orientations —i . eTiklre=rrl
of the missile, target, and antennas. This scenario thus is Eo = —JkﬂmehTo (1b)

“frozen” to let the electromagnetic wave be radiated from the _ _ o
transmitting antenna, scattered by the scatterer and received 8. # is the wave number anglis the intrinsic impedance

the receiving antenna. The received signal is expressed by #ihe free-space and the notatién represents the VEH
received complex amplitude [3], [4]. Because the “frozen” of Tx in th_e dll_’eCtIOH from Tx toF.. The related incident
scenario varies with time, the receivéd is a function of Magnetic field is

time. By taking the Fourier transform df, we can obtain —in Lo

the Doppler spectrum of the received signal. Besides, we can H'(r) = _;CC x E1(7). (2)
also find the near-field RCS of the first and the second kind ) ) )

[1], [4] at any moment. From [1], we know that the near-field Now approximate the induced electric current on the surface
RCS of the second kind approaches the far-zone RCS wi¥fhe target by physical optics (PO) current

the distance is large. And when isotropic antenna is used, the J(7) a2 x H'(r) if 7 is illuminated @)
qear-fleld RCS of the f|r_st klnd_ can also be_ close to _the far- J(T) ~ 0 if 7 is shadowed.

field RCS in far zone. Finally, in the following analysis, the

time-harmonic dependeneap(jwt) is assumed throughout. The unit vectorn is the outward normal of the surface. The
received field atrr according to the PO current (3) on a

cell with a centerr- then can be regarded as originating
[ll. NEAR-FIELD PHYSICAL THEORY OF DIFFRACTION from an “image” electric current elememﬁgo (Fig. 2). The

A transmitting antenna Tx with input curref and vector Corresponding equivalent VEH can be derived as

effective antenna height (VEH) [2], [4hr is located at —ro ik (Rop+ Ror )\ - .

7r. Meanwhile, a receiving antenna Rx with vector effective he™ = — o (m)RCR x {Rcr

antenna heighty is located atFz. In addition to these two o o
antennas, there is a scatterer composed of facets in free space. x [ x (Ce x hpe)]} el k(etRer) R gor 4)
Let each facet be subdivided into small cells such that both cell

distances from the target to Tx and to Rx are in the far-field (4), the integral over the cell in general can be integrated
zone of the induced currents on each cell. In other words, bat if the cell is a polygon [5]. NotatiorR-r represents
|7F—7r| > 2D? /X and|F—7r| 3> 2D? /X hold for any point the distance fron¥. to Rx, and the unit vectof?. 5 is
on a cell of sizeD. Under this condition, the incident electricthe direction from7: to 7r. Note that in (4) the equivalent
field at7 can be written as a spherical wave. VEH looks like a function ofR-r and Rcr, while in the
Select a point on a cell (say, the center of that cell) and deriginal definition of VEH [2] it is independent of the distance.
note this point ag.. Then, apply the far-field approximationThis difference is due to the following two reasons: First, the
|7 —7r| & [Fe — 7r| = Rer for magnitude andr — 7r| ~#  induced PO current on the cell is proportional to the incident
Rer — (e - Re for phase, wheré- = (Fr — 7¢)/|Fr — 7| field which is a spherical wave and has a factorlgfRR.r,
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Fig. 2. Equivalence of PO current on a cell to an “image” electric current element.

while the antenna current in [2] is independent of the distancég.” ” (Fig. 3), where
Second, the ratidtcr/(Rcr+ REer) in (4) is used to ensure

that the result can be imagined as an equivalent “image”n." " = L<M>dsmc[ﬁ(éc + Reg) -
Reor + Ror away to calculate the correspondihg It can dm 3 RCRRQT _2 A

approach a constant one when the distafigg is much larger [~Rer x (Rer x ) Dy (hpe - 1)

than Rc7, which is the condition that [2] defines the vector + (Rer x 1)Dy (Co x Trper) -], (8)

effective height.
The received complex amplitude at Rx due to (4) can bdere Ror = [T — |, Rer = [T — Trl, (o = (Pr —

easily given as [4] 7o)/ Rer, and Rep = (Fr — Te:)/Rer. We have also
assumed that the length of the edge segmenhtThe received
by = k? ( n ) complex amplitude due to (8) is [4]
16772 \/RRRT ]C
—jk(Rcr+RcT) R ) — by = J "
e J . i 4
. —/ I *(Cct+FRer) Re go 3272 \/Rr Rr
RCRRCTA cell i e—ik(Ror+Rer) kg . R ;
=) Ce - Bine) + (- 6) (Bre - Bine ). (9) " RenRor O [7@0 T Hor) 4
Here, Rr and Ry are antenna resistances of Tx and Rx, '[:Ds(hTf )(Ror x 0) + Di(Go x hre) - 1]
respectively. For monostatic casB-r = (¢ and hrc = “(hrc X Reg). (9)

hre = he, (5) is simplified to

For monostatic casé?cr = (¢ andirc = hpre = he and

2 —2jkRcr P 9) is simplified to
() T ([ Ta] O
w ce ] —2kRor 2
S I by = ij <i> £ dsinc(kdc 1)
~(n-Ce)(he - he). (6) 32m° \ Ry R g

Dy(he - 1)? — Dy[(t x 1. 10
For PEC targets the diffraction is also important. The 2 o) gl CP) hel') (10)

diffraction theory associated with the PO is the physical theory
of diffraction (PTD). By PTD a set of equivalent electric
and magnetic line currents is attached on the edge of theThe PTD introduced in last section is applicable for single
PEC wedge. Assume that each edge can be decomposet¢etection/diffraction. If multiple reflections become signifi-
approximated by many linear segment. The PTD edge curref@t, we have to use the SBR technique. The original SBR

IV. NEAR-FIELD SHOOTING AND BOUNCING RAYS

on each segment are technique deals with only far-field scattering problem [7], thus,
we have to modify it to handle near-field scattering problems.
7= —1 D(E'-1)i First of all, the surface of the target is divided into many
Jwpo " small cells. By connecting the transmitting antenna Tx and
= Dy(H - D). ) every small cells, we check if each connected line is blocked. If

a connected line is not blocked, we can obtain a corresponding
ray tube of triangular cross section. These ray tubes will reflect
In (7) ¢ is a unit vector along the edge segmeht, and 7’ over the scatterer surface. The propagation of the ray tubes can
are incident electric and magnetic fields, respectivély,and be determined by tracing the center rays.
Dy, are the Ufimtsev—Keller PTD diffraction coefficients [6]. A ray tube launched from; will experience many reflec-
The received field atr according to the PTD edge currentgions. Let7, denote thejth reflection point of the center ray,
on an illuminated linear segment with a cerfter can also be and7, = 7r. Besides, symbd|, represents the ray path length
treated as originating from an “image” electric current elemefiom 7r to 7,. For theqth bounce of a ray tube, the effect

wa()
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Fig. 4. Equivalence of surface currents due to the last bounce to an “image” electric current element.

of reflection can be substituted by an image antenna of vecitote thatin (14)Ry = [Fr—7n |, Ry = (FrR=7N)/[Fr—Tn|.
effective antenna heiglt, . The recursive relationship betweerirhe received complex amplitude due to a ray tube is [4]

h, and h,_; can be derived as ) 2 ( " )6—jk(R,N+I,N)
_ — — 4 = —
hy = —hy_1 4+ 2(ny - hy_1)n, (11) 327> \V/Rr Ry Ryiy
ik R _ oy .ﬁl —_ -~ _ "
wheren, is the unit normal vector of the target &f. I HEN=E TN ds (R x Ry ) - (v % i)

S~

Repeat tracing the center ray until no more reflection occurs. i — . —
Let there beN reflections, the VEH of the last image fsy, + (X hp) - (G x by )] (15)
and the intersection area of the ray tube and the target arolNw@te that if only single bounce occurs, (15) can be reduced
the last reflection pointy is Sy . From the idea of image theto the PO result (5).

position of Ay can be determined as The total received complex amplitude due to the scatterer
» B . then is the superposition of the contributions from all PO
TN =Tn — InGy (12) cells, PTD edge segments, and SBR ray tubes. Note, however,

rgember to exclude the single-bounce contribution in the

and the equivalent surface currents due to reflected fields - e :
SBR computation, when PO contribution has been included.

Sy are
_ o Note that the divergence factor for each bounce is not included,
J=nnxHy because the target has been assumed to be composed of facets.
M =Fx x fix (13) Suppose that the scatterer were composed of curved surface

. o patches, the divergence factor should be multiplied in the
whereny is the outward normal vector oiv, En, andHn  expressions (11) and (14). Since the divergence factor makes
are the field generated by . The field received atp due to the program complicated (i.e., the treatment of the curvatures
(13) then can be regarded as produced by an “image” eleciigd the problem of caustics), it is not dealt with in this work.

current element?P* (Fig. 4), where The code Cpatch, however, can handle the divergence factor
. f d f 10].
— ﬁ(RN —|—€N>/ R or curved surfaces [10]
dm \ Ryiy Sn V. NUMERICAL RESULTS AND DISCUSSIONS

'(]?N X {{%N x [an x (Qv x By} Based on the theoretical analysis methods proposed in
+ Ry X (hy x niy)). (14) former chapters, we have developed a FORTRAN program
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Fig. 5. Near-field RCS, of a PEC sphere of 10 in radius at different distarace

dhft4C (the acronym dhft stands foiscretehigh frequency

technique) to compute the received complex amplitudend Length Unit: cm
the near-field radar cross sections of the first kindand the
second kinde, [1], [4]. The computedh, as a function of
time may be processed to produce Doppler spectrum through
discrete Fourier transform. For brevity, all numerical examples
given here are simply monostatic. In computing and o2,
respectively, the origin of the coordinate system is placed

in the scatterer, and is used to calculate the distance and to ”'SI .
determine the antenna gain.

To verify dhft4C, we first deal with the scattering problem 6
of a PEC sphere of radius 10 in at 10 GHz. In this problem, |;'|
the distance between awndirected electric current element
(i.e., a Hertzian dipole) located on theaxis and the center of
the sphere (as the origin of the coordinate system) is deno
asry. The analytic solution of this problem can be found in

[8]. On the other hand, this problem is also solved by dhfm%@ying the size of the facets/edge segments and the number of

where the sphere 'S approxma_ted by 2000, 80_00' and 180r tubes. The results are satisfactory. | have also found that
triangular facets using the algorithm presented in [9] to ensqxg

that facet is with al t th . Th A en the distances increase such that the far-field criterion
at every 1acet Is with aimost the same siz€. The Compulgly,. \yhole scatterer can be satisfied, the computed near-

oz IN dE_ssm_ from_ both approaches are sgown n F'g‘ 5 AISﬁ)eld RCS of the second kind coincide with the far-field RCS
plot_ted in Fig. 5 is the far-flel_d_GO_RCi_Ba , Wherea |s_the computed by a far-field RCS code. These support the validity
radius. From the curves exhibited in Fig. 5, we can find thgt iha code dhftac.
both the analytic solution curve and the dhft4C result curvesFig_ 6 displays another case where a 10-GHz antenna moves
are almost overlapped when the facet size is small enoughhe speed of 1 cm/ms beneath a circular cylinder of radius
which means that the error of our approach can be very smglys cm and length 108 cm. Assume that the direction of the
for the distance ranging from 11 in (very close to the spherejntenna motion is parallel to the axis of the cylinder (the
to 2000 in (far away from the sphere). From the same figuggis), the distance between the trajectory of the antenna and the
we also discover that while both the analytic solution curvgylinder axis isd, and the initialz coordinate of the antenna
and the dhft4C result curves approach the GO limit as thee cm from ther coordinate of the front end of the cylinder.
distancer, increases, the near-field RCS can deviate mugtyst, let us consider an-directed isotropic antenna. Then, in
from the far-field GO RCS when the distancgis not large Fig. 7, we show the Doppler spectra under differéntn our
enough, which shows that the near-field scattering behavigimputation, we sample the receiviadevery millisecond and,
can be very different from the far-field one, if the far-fieldhus, we need consider only the Doppler spectra for Doppler
condition does not hold. frequency less than 0.5 KHz by Nyquest sampling theorem.
For edge diffraction and multiple reflections, the author ha®n the other hand, the spectra are obtained by doing discrete
tested several common cases like a rectangle plate, a dihedfalirier transform to all 120, data in 120 ms. Since in the
and a trihedral. Since the near-field RCS’s of these targéts zone the cylinder is like a point scatterer in the same
are not available to me, | can only check the convergence tiiyection, if we can do the Fourier transform to the data from

igy 6. Near-field scattering of a PEC cylinder. The antenna moves along
e direction in the speed of 1.0 cm/ms.
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Fig. 7. Doppler spectrum of a PEC cylinder due to a moving isotropic antenna.
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Fig. 8. Near-field RCS; of a dihedral made of two triangular PEC plates. Thpolarized isotropic antenna is on theaxis.

t = —oo tot = oo, the received signal does not change witfar-field RCS, which was calculated by a far-field RCS code.
time and the spectrum faf = 40000 cm will very similar From these curves we also find that the monostatiaround
to a sharp spike at 0 Hz. However, in our evaluation, only = 45° is much smaller wher is not so large, because in
the data within the 120 ms are used and, thus, we can fite near-field zone most of the launched rays cannot return to
the famous sinc function pattern for the computed Doppléne original directions, which results in a smaller monostatic
spectrum at! = 40000 cm. Whend is smaller, the variation ¢. On the contrary, in the far-field zone all generated rays are
of the received signals become stronger with time and tparallel and will go back to the direction of incidence after two
obtained Doppler spectra thus are flatter. Especially, whbounces, which produces a large monostatic RCS.
d = 40 cm, the “bandwidth” of the Doppler spectrum expands Finally, we consider a simplified aircraft model 108-cm
to 0.12 KHz, which is almost three times of that of the Doppldong, shown in Fig. 9, and compute; for a y-polarized
spectrum when! = 40000 cm. isotropic antenna located on theaxis and the target rotate
Another example is the scattering of a dihedral made of tvam the z—y plane. In Fig. 10, the dashed line is for of a
orthogonal triangular PEC plates illuminated by an isotropfar-field situation (distance to the target origin is 50 000 cm),
antenna located on theaxis. The four vertices of this dihedraland the solid line is for a near-field case (distance to the target
are given as (0, 0-20), (0, 0, 20), (14, 0, 0), and (0, 14,origin is 500 cm). Note that there are an inlet in the head and
0), where the coordinates are in inches. The dihedral rotatesoutlet in the tail of the model, hence, multiple reflection is
about thez axis and only the monostati¢, in the range of significant for incident rays entering the inlet and the outlet.
0° < ¢ < 90° where the double reflection is dominant isThis can be observed fgr around 0 and 180 for if the head
shown in Fig. 8. The curves obtained for various distaiceand the tail were closed by circular plates, the RCS lobe will
also reveal that whed is large thes, is again reduced to the be very sharp in the head and the tail directions. Also, we can
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Fig. 10. Near-field RCSs; of the simplified aircraft model at different distances.

find that the lobe around 9ecomes wider when the antenn®oppler spectrum spreads out when the antenna is close to
is near the target. This is also comprehensible, since in the fére target. This theory can be extended to handle targets with
field case, all rays are almost parallel, and there is a strong afiélectric radomes or coated surfaces. For the target modeled
sharp return ap = 90°, while in the near-field case, the raysby curved surfaces, more efforts are needed to derive PO
are no longer parallel and the sharp lobe is changed to a wiflemmulas and include the effect of divergence factor in SBR.

and lower lobe structure.
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