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Abstract. An approach enabling accelerated shooting andwidely used Geometrical Optics (GO) and Physical Optics
bouncing rays (SBR) simulations to determine the backscat{PO) are used.
tering properties of electrically large and complex objects is Based on a well known relationship for the scattering prop-
presented. Instead of performing independent simulationgrties at different aspect angles (sometimes referred to as
for all required aspect angles, the concept is based on thbistatic monostatic equivalence principle) we present an ap-
idea of additionally exploiting bistatic information for some proach which enables us to accelerate considerably these ray-
neighboring aspect angles. Therefore the results of the gebased multi-aspect RCS simulations.
ometrical ray tracing, which consumes a large part of the Basically, in SBR rays representing the incident fields are
computational resources in case of complex shaped objectgsed to determine the resulting surface currents and the re-
can be reused multiple times with only low additional com- sulting field contributions at the given observation points ac-
putational resources. cording to the Physical Optics approach. This is explained in
This method works well for objects with a sufficiently Sect.2 with special focus on those aspects that are interest-
smooth shape and if a large number of aspect angles is ting for the application of the bistatic monostatic equivalence
be simulated. A simple generic simulation example is usedprinciple which is introduced in the first part of the follow-
to show the general applicability of the method and to exam-ing Sect.3. The second part of Sec®.demonstrates how,
ine the degradation of the results depending on the appliegvith a proper phase correction, contributions related to devi-
bistatic angle. Furthermore, the acceleration that can be exating illumination and observation angles can be utilized for
pected by the presented approach is determined and verifiegh approximation of the desired monostatic RCS. In this way
with the simulation example. from each determined ray, contributions to several neighbor-
ing monostatic receivers can be obtained, and therefore the
total number of rays required for a proper sampling of the
object can be reduced significantly.
In Sect.4 some remarks about the angular sampling are

The Radar Cross Section (RCS) is an important characterigiven, as it has a very important influence on the efficiency
zation for the electromagnetic scattering properties of com-©f the presented method. In Sebtsimulation results are
plex objects. It is common practice to use this quantity in thePresented to demonstrate the applicability and performance
fields of radar system design and dimensioning, as well as foPf the approach and, finally, Seétsummarizes the results
radar algorithm development and validation. In many areagve have obtained up to now.

it is desired to have a good estimation for it for a wide range

of aspect angles. Unfortunately, it is computationally very

demanding to perform the required simulations for complex2 The applied shooting and bouncing rays technique
shaped objects like vehicles or airplanes at very high frequen-

cies, even if suitable high frequency approximations like the TO analyze the scattering properties of electrically large and
complex objects asymptotic high frequency methods are to

be applied. In this paper we use an approach which is based

Correspondence ta:. Buddendick on a shooting and bouncing rays (SBR) algorithm to deter-
BY

(buddendick@ihf.uni-stuttgart.de) mine the local incident fields on the scatterer and the Physical

1 Introduction

Published by Copernicus Publications on behalf of the URSI Landesausschuss in der Bundesrepublik Deutschland e.V.


http://creativecommons.org/licenses/by/3.0/

30 H. Buddendick and T. F. Eibert: Accelerated RCS simulations

bistatic Rx B2

B2
?\

bistatic Tx
A Q

Fig. 2. Equivalence of bistatic and monostatic RCS.

Fig. 1. Local coordinate system used for the PO integration aroundthe ray directions to prevent aliasing effects at surface bor-
the interaction point of a ray on a plane surface element. ders or wedges. Due to this stochastic ray launching process

the results of two independent simulation runs (with identical

] ) o o parameter settings) will differ from each other and include a
Optics (PO) to determine the resulting field contributions. In giqchastic component as well. With an increasing number of

the SBR approach, see for exambieg etal.(1989, anum- 55 this deviation will decrease and the simulations will con-

ber of rays is launched towards the scatterer and the rays Aferge. Obviously, the stochastic uncertainty will be largest

traced with one or more interactions until they exit the sce-¢y; |ow scattering levels and the expected accuracy can be
nario, so that the fields at the last interaction point can bg g to adjust the required number of rays.

used to determine the surface currents. Nowadays, the Con- The gcattering contributions are determined from the last
cept of SBR is widely applied to compute the scattering fieldsinteraction point of the ray on the object. According to Fig.
of large objects in scientific as well as in commercial codes., |qcal coordinate system adapted to the current ray is used

Some examples can be foundifeinmann(2009; Galloway  anq the surface currents can be computed in the following
and Welsh(2009; Andersh et al(2000. form:

Basically, our algorithm splits into two parts:

. 2 .
— Ray tracing is used to find the fields on the objects sur-y =2 < Hi = Z_mEiv|| €y @

face according to the GO principle.
— PO integration determines the scattered fields based O, —2ix Hi, = —2cos; Ei L . @)
the surface currents. ZFo
An important observation is that usually the ray tracing partFinaIIy, the far-field sqattering contributions causgd b)_/ these
of the algorithm consumes most of the computational re-currents can be derived from the wave equation in two
sources if detailed object models are considered. For typicaPrthogonal polarization directions at the given observation
applications the complexity of the geometric model can be inPOINts. For details the reader may referBalanis (1989,
the order of a few 100000 triangles. This clearly indicatesT0m where we have adopted the notation.
the need for a very efficient implementation, which, in our
ig{s;s is based on a uniform spatial subdivisiBnjifnoto, 3 Description of the acceleration approach
The number of rays that are directed towards the objec .1 Monostatic bistatic equivalence
must be large enough to capture all relevant object details
sufficiently for the coherent superposition of the field contri- Considering the scattering properties of an object and a geo-
butions. In our case a small random component is added tonetrical setup as shown in Fig, a simple and well known
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Fig. 3. Symmetric distribution of temporary bistatic receivers
around the monostatic receivers and final monostatic aggregation.

relationship between bistatic and monostatic RCS values exEig. 4. The actual bistatic path differs from the monostatic path for
ists and can be expressed in the following form: which the contribution is to be considered and the phase has to be

corrected accordingly.

Om (¢l+ﬂ/2)=ab (¢i’ 13)9 (3)

with o, ando;, being the monostatic and bistatic RCS, re- 3.2 Bistatic acceleration of the SBR algorithm
spectively, andp; the angle of incidence angl the bistatic ] ) ) )
angle. This means that the bistatic RCS equals the monod=igure3 shows the basic transmitter (Tx) and receiver (Rx)
tatic RCS observed at the bisecting angle (see BigThe arra_mgement that is us_ed to capture the bigtatic informa‘gion
underlying assumptions for this identity are the consideratiorduring the SBR algorithm.  For each desired observation
of very high frequencies and a sufficiently smooth surfacedirection a convention_al monostatic Tx/Rx_ pair is .p_laced
of the scattering object. Details on the monostatic bistaticequally spaced byA¢ in the angular domain. ~Addition-
equivalence including an analytical discussion can be found®lly: for each simulation a number of temporary bistatic re-
in Kell (1969 and Siegel et al(1968. Several interesting CeIVers is created symmetrically around t_he d_eswed observa-
applications of the aforementioned principle can be found.tion points, each separated by\@. The bistatic reuse fac-
Some applications are in the context of RCS measurement$0r N»i €quals the number of monostatic observation angles
e.g. monostatic RCS values derived from bistatic measureWithin a sectoBmax
ment setups, or, in the reverse direction, bistatic RCS derived B

L maxJ 1

(4)

from monostatic measurementée(l, 1969. In the field of  Npi =2 280

simulation techniques the equivalence has been successfully
used to accelerate FVTD, FDTD, or MoM codes in a post- After all observation directions have been simulated, the con-
processing manner, see for examplehuh et al(1994). Ac- tributions captured by the bistatic receiver can be converted
cording to the authors knowledge no publication on the useo the bisecting monostatic receiver (this is called monos-
of the bistatic monostatic equivalence on a direct ray-by-raytatic aggregation here). In this way the rays launched from
basis exists. each monostatic direction are reused for several neighboring
Another interesting use of this principle is related to the directions as well. Consequently, for the same accuracy as
possibility of generating multi-frequency data from multi- discussed in Secg, the number of rays launched for each
aspect (bistatic) data. This can be advantageously utilize@bservation direction can be reduced significantly.
in the field of Synthetic Aperture Radar (SAR) imaging as During the SBR algorithm a bistatic field contribution
described for example bylensa(1991). As these methods is determined for all rays at the location of all temporary
are based on a coherent signal processing, a simple powdistatic receiver within the bistatic sector defined fyyax
based formulation as given in EQ)(is not sufficient, and a symmetrically around the transmitter.
coherent scattering model has to be used instead. Similarly, Now let's assume for a coherent consideration a point scat-
in the presented SBR approach rays are added up coherentlgrer on the surface of the object as depicted in EigThe
and consequently a coherent scatterer model is used to afength of the actual bistatic path=I;1+1;2 of the ray differs
alyze the monostatic and bistatic relation. This results in afrom the length/,, of the path to the bisecting monostatic
simple but important phase correction factor to be considereabservation point to which the ray finally shall contribute ac-
for bistatic contribution as derived in the following section. cording to the bistatic equivalence principle. Due to this path
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Table 1. Examples for the required angular sampling interval. A iy )
monostatic
= Tx/Rx
S pmax | A¢pmax Ny Npi R
[GHzZ] | [m] [°] ¢=0..180 Bmax=10C
10 0.09 4.77 38 3
10 0.9 0.477 377 21
24 2.5 | 0.0716 2514 139
80 25 | 0.0215 8378 465

length difference a phase correction is required. For a far
field observation distance witR>>> oo the path length differ-
ence depending on the coordinatesPpfand the observation
point can be determined to be

Al =1y, — 1 = —2poCOS, — o) (L —cos(B/2)), (5)

or, alternatively depending only on the quantities directly ac-
cessible in the simulation:

1 Fig. 5. Geometry for the determination of the minimum angular
Al = (I, — 2R) (— — l) . (6) sampling rate. A point sourc, on the objects surface is assumed.
cosB/2)
Following this model a simple phase correction correspond-
ing to the number of effectively evaluated rays exceeds the number
of distinct rays. Consequently, the number of rays required
AY = koAl, (7) to achieve results comparable with pure monostatic simula-

tions could be lowered by;,; and for realistic scenarios the
required CPU time is proportional to the number of rays.
Unfortunately, the improvement that can be realized will

with the free-space wave numbey=2r /1 is applied to all
field contributions on a ray-by-ray basis. Furthermore it can

be seen from Fig4 that the coordinate system of the (tem- o
o L . be somewhat lower. On the one hand this is due to a degrada-
porary) bistatic receiver is rotated 2. This should not jon in the quality of the contribution of the rays with larger

be a problem as it must be done only once at the end, wheﬁi tatic anal This will lead t tematic error contrib
the coherent sum of the temporary bistatic receiver is finally stalic angles. S €ad o systemalic error co u

added to the corresponding monostatic receiver during th%?::].orOgnt(;]?:o?rt\hirtar:%?](?alacno;d?jlﬂgr;ﬁlg ?;’;rhgfa‘i 'T)its):)at:i‘(’:
monostatic aggregation. y p ; porary

receiver will decrease the theoretical performance. Hence,

3.3 Expected performance and limitations the resulting acceleration that can be achieved will be below
the bistatic reuse factaw,;. Furthermore, as each obser-

Obviously, the use of the bistatic monostatic equivalencevation point contains (bistatic) information originating from

principle limits the presented approach to high frequency apeighboring transmitters, the simulated observation range

plications and to sufficiently smooth objects. The first re- has to be extended bfmax/2 at both ends to capture the

striction is not very stringent as this is the main focus of this bistatic information symmetrically. But for many practical

acceleration approach anyway, and it scales well with its nescenarios with large observation ranges this has only minor

cessity and efficiency, as it will be shown later. The phaseimpact.

correction as explained above degrades in case of multiple

bounces (double reflection). This is also closely related to

the smoothness of the object and therefore not a new restric4 Angular sampling

tion. Here, the smoothness of the object is partly related to

a similar illumination of the object for the bistatic and the From the preceding sections we can conclude that the effi-

monostatic case. This may be effected by exposed geometiency that can be expected from the bistatic acceleration de-

rical features causing a self-shadowing on the object itselfpends on the bistatic reuse factgy; and as the maximum

The example in Sech shows how the smoothness of the ob- bistatic angle8maxis determined only by the geometry of the

ject effects the results. object and is therefore fixed, the resulting efficiency depends

The acceleration that can be expected could be in the rangen the applied (monostatic) sampling rate. Often it is de-
of the bistatic reuse factay;; as this is the factor by which sired to have a full representation of the backscattering fields
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Fig. 6. Generic object representing a smooth body (cylinder) with ~ -25|
blades causing bistatic shadowing and double reflections.

-30

of an object for a certain aspect range, e.g. in the azimuthal
plane. In this case the required observation angles are to be

determ.ined acc;ording tO_ f[he rules of the sampling t_heoremFig. 7. RCS of the generic cylinder model with different levels of
Assuming far field conditions an angular sampling interval pistatic information.

of
A¢max = *o @ According to the Nyquist sampling theorem a complete sig-
4pmax nal representation requires observation angles with a resolu-
tion below

is required, withk.g being the carrier wavelength apghaxthe

maximum object radius in the considered observation pIaneA¢maX — 1 — A0 _
Some sampling intervals and the resulti¥g for an bistatic 2fp.max 4 max[|aido|]
sector of Bmax=10° are given in Tablel. Note that at fre-

guencies as high as 80 GHz objects of the size of a passeng&bviously, the maximum in Eq.1@) is achieved for
car require a large amount of observation directions accordip—¢g|=7/2, i.e. for Py having the largest lateral distance
ing to the sampling theorem. On the other hand the increasto the central observation line:

(13)

ing bistatic reuse factoN,; offers a compensation for this 3 Rpm

enormous computational burden of such problems at verynax[lﬁdo(R, ¢)|} = Z—aXZ (14)
high frequencies. For the derivation of E§) (ve assume a VRS + Pimax

scattering model with a geometrical setup as shown in%ig. This leads to

with a point scatterePg on the surface of an object. For large

observation distance® the amplitude of the field contribu- Admax = 20y R? + phiax (15)
tions at the observation point is assumed to be constant and 4R pmax

the phase is proportional to the path length which, for the far field withR— oo, directly results in Eq.§).
¥ (do) = ko2do(R, ), )

) ) ) 5 Simulation results for a generic test object
with dp being the distance betwedty and the Tx/Rx loca-

tion. Similar to time dependent signals, a variabilifyinthe  To determine the effect of the bistatic approximation in case
¢-domain can be obtained from the derivative of the phaseof a non-smooth object including self-shadowing features, a

according to the angle: small metal cylinder with four radial blades is considered as
5 5 depicted in Fig.6. With the given relative dimensions of

2nfy = — ¥ (do) = 2ko—do. (10)  the blades, the resulting shadows on the object will be much
I a¢ more penalizing for our approach than what is expected from

a realistic object like a passenger car. Besides these shadow-

Here, the geometrical path length is given by ¢ _ X X
ing effects multiple reflections will occur between the blades

and the cylinder. Therefore, we conclude that this object,
— /R2 2 _ _
do(R, ¢) = \/R + p0° — 2p0R COS$ — ¢o). (1) qualifies well for a test case and to derive an upper bound for
ﬂmax-

Due to symmetry only a 45sector must be considered
for the monostatic RCS. Figuréshows in red the RCS ob-
tained with the straightforward (not accelerated) SBR for a

D o(Rog) — . —PORSING — ¢

. 12
A VR? + po? — 2poR coS¢p — o) e
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100 6 Conclusions
/”]/)/;/jf%//,b . Based on the principle of monostatic bistatic equivalence, an
w//(x,)/ \O\O\ accelerated ray-based RCS simulation algorithm is proposed
10 N A \ and some important implementation details are given. Addi-
= \O\O tional bistatic information, which is collected with very low
= additional computational cost, can be reused to improve the
5 convergence of the stochastic shooting and bouncing rays al-
7 gorithm, which means that less rays have to be used for a re-
107 quired accuracy. In this way the monostatic sampling of the
ﬁ Sgg Egi (5)3 object of interest is partly replaced by the usage of bistatic
—o— SBR (,8: 10°) side mformatlon.. Simulation results are presented for a sim-
—e— SBR (ﬁma= 20°) ple _canonlcal object to demonstrate on the one ha_nd the un-
103 I - avoidable level of degradation that comes along with the us-
103 104 v 10° 106 age of a certain amount of bistatic information and how it is

related toBmax. On the other hand the possible speed-up of
a complete multi-aspect simulation run is shown by compar-
Fig. 8. Influence of the bistatic information on SBR convergence. INg the scattering fields for different number of rays with and

Standard deviations vs. number of rays for differgx. without using bistatic information.
From the simulations using the canonical object it can be

concluded that, even though this object is shaped quite un-

favorable for the application of the bistatic acceleration, the
very high number of rays. This can be considered as referimpairment of the monostatic scattering fields is still accept-
ence of what can be achieved with the SBR approach. Addiable for bistatic angles up to 10 or°L5Therefore a bistatic
tionally, the results from a Method of Moments (MoM) im- angle of 10 can be proposed for the simulation of a passen-
plementation is shown as dashed line. A good agreement foger car model which will be done in the next future.
the basic scattering characteristic can be observed. Never- It should be noted that for the presented ray-based ap-
theless, the deviations fgr<15° are obvious and remind us proach the inaccuracies introduced by the applied assump-
that the SBR itself is an approximation with certain restric- tions can be expected to be distributed over all observation
tions. This should be kept in mind if additional deviations points, as they are all based on the same ratio of monostatic
due to the bistatic approximation are considered. It shouldo bistatic information. Therefore the resulting quality and
be added that the object is fairly small for the SBR and thataccuracy of all aspect angles is affected in a similar way. This
no diffraction effects are included here. is in clear contrast to other simulation techniques, where the
equivalence principle is used in a post-processing manner to
interpolate observation points leading to a reduced accuracy
of the interpolated points compared to the directly simulated

Concentrating on the effect of the bistatic approxima-
tion, it can be seen that the degradation for a bistatic an
gle Bmax=10 is still very limited. Only a bistatic angle
Bmax>15" will cause a considerable impact due to bistatic

X Finally, the presented acceleration technique has an advan-
shadowing.

tageous scaling property as it is expected to be most effi-
It should be noted that Fig.is obtained with a high degree ~ cient for very high frequencies, where, at the same time, it

of oversampling (see Seet) for visualization purposes. Of is needed the most to reduce computational complexity.

course, this is not a sufficient setup for a comparison of the

computational efficiency as the improvement that can be ob-

served using the bistatic approximation could also partly be

based on averaging the oversampling redundancy. To avoid

this, a simulation with the generic object being scaled by a

factor of 10 compared to Fig.has been studied. This results

in faster oscillations and an increased required sampling rate.

For differentBmax and with varying numbers of rays the de-

viations of the RCS from the SBR reference, i.e. with a very

high number of rays are determined. By comparing the re-

quired number of rays for a given level of deviation from

the reference the bistatic acceleration can be estimated (see

Fig. 8). For Bmax=10> an achievable acceleration factor in

the range of 10-20 can be concluded.
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