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Analysis of a Grating Metal Structure With Broad
Back-Scattering Field Pattern for Applications in

Vehicle Collision Avoidance System
Young-Huang Chou, Shew-Jon Lin, and Shyh-Jong Chung

Abstract—In this paper, grating metal structures with broad and
flat back-scattering field patterns are studied for possible applica-
tions in a vehicle collision avoidance system. The two-dimensional
TE scattering of a planar grating structure and a curved grating
structure are analyzed at a frequency of 77 GHz. For the planar
structure, the method of moment together with Floquet’s theorem
is used to solve the induced current and the resultant back-scat-
tering field. Based on the results of the planar structure, the scat-
tering field of the curved grating structure is obtained by using a
perturbation method. The influence on the field pattern of the cur-
vature as well as other structure parameters, such as the width and
geometry of each period in the grating structure, is investigated.

Index Terms—Back-scattering field pattern, collision-avoidance
radar, metal grating.

I. INTRODUCTION

I NTELLIGENT transportation systems (ITSs) have obtained
much attention in both theoretical and practical studies [1],

[2]. The systems apply advanced technologies, such as com-
munication, computer, and control, to improve the safety and
efficiency of ground transportation, with less congestion, pol-
lution, and environmental impact. Among the various areas of
ITS, the vehicle collision avoidance system in automated ve-
hicle control systems (AVCSs) is one that is important and inter-
esting for microwave and millimeter-wave applications. Much
work has been devoted to the development of on-vehicle colli-
sion avoidance radars (CARs) [3]–[11]. Although radars with
operating frequencies of 24, 60, 77, and 94 GHz were devel-
oped, those with 77 GHz seem more promising in both Europe
and the United States. These radars, which serve as the drivers’
electronic eyes, emit frequency-modulated continuous waves or
pulsed waves and receive echoes from the environment. Poten-
tial hazards from other vehicles or obstacles (such as manmade
traffic structures or topographic structures) can thus be sensed
and avoided by examining these echoes. However, only at an-
gles near the surface normals of vehicles or obstacles can strong
echoes be received. Due to the lack of specular reflections, the
received echoes from other angles would be quite weak.
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To solve this problem, it has been suggested in [12] that
the planar Van Atta retrodirective antenna array [13], which
is formed by several antenna pairs, can be equipped on the
vehicles’ or obstacles’ bodies to enhance the echoes at angles
away from normal directions. The Van Atta array possesses the
advantage that the reradiated fields from all the transmitting an-
tennas in the array have a coherent phase in the arrival direction
of the incident wave, thus yielding a broad back-scattering field
pattern. The scattering field level from the array is proportional
to the number of the antenna pairs. Thus, to produce a strong
radar echo, a large array with many antenna pairs would be
needed, making the layout of the transmission lines pairing the
antennas complicated.

In this paper, we propose another approach to increase the
radar echoes at off-normal directions. Instead of using Van Atta
arrays, this approach uses grating metal structures [Fig. 1(a) and
(b)] for equipping on vehicles or obstacles to increase the back-
scattering field levels. When a radar wave is incident upon the
grating structure, surface electric currents with different phases
and amplitudes would be induced on all the periods of the metal
grating, which, in turn, would radiate electromagnetic field to-
ward the interrogating radar. These induced electric currents
may be viewed as an equivalent antenna array. By changing the
width and shape of each period in the grating structure, the in-
terelement spacing and the excitation currents of the equivalent
array would be changed, and grating lobes may thus appear in
and fill up the back-scattering field pattern. The analysis of the
grating structures is described in Section II. As a preliminary
study and for simplicity, two-dimensional TE scattering prob-
lems as shown in Fig. 1(a) and (b) were tackled by using the
method of moment [14] together with a perturbation method.
Simulation results for the grating structures are presented in
Section III. Section IV gives the conclusions.

II. A NALYSIS

A. Planar Grating Structures

Consider the finite periodical metal structure shown in
Fig. 1(a), which contains periods in the direction

and is assumed to be infinite in thedirection. A
symmetrical triangular structure of width and height is
located in each period of width. A TE wave of frequency
77 GHz is incident upon the metal structure at an angle of.

. The total width
Mb of the whole structure is assumed to be far larger

than the wavelength mm of the incident field.
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Fig. 1. (a) A planar grating metal structure and (b) a curved grating metal
structure.

To calculate the back-scattering field, the induced surface cur-
rent on the metal structure should be solved. Since there are
many periods in the structure, the induced current on each period
can be assumed to be the same as that of a structure with infi-
nite periods. According to Floquet’s theorem [15], the induced
currents on all the periods of an infinitely periodical structure
are the same except for a phase difference of between
adjacent currents. This phase difference comes from the phase
difference of the incident field at different periods. Therefore,
only the current distribution in a period
needs to be solved. By using the mixed potential formulation
[16], the total scattering field from the infin-
itely periodical structure can be expressed as

(1)

in which the relationship has been incorpo-
rated. “ ” denotes the contour along the surface of a period.

is the Green’s function of the infinitely
periodic structure, which can be derived as [17]

(2)

with

(3)

Applying the boundary condition on the metal, that is,
, an integral equation for the unknown current is

obtained

(4)

Fig. 2. Basis functions for the induced current in a period of the grating
structure. “A,” “B,” and “C” are the tip points of the triangle in the period
and “D” is the end point of the period. The solid curves represent the basis
functions for these breaking points, and the dotted curves are those for other
sampling points.

To solve (4) using the method of moment, the currentis
expanded by piecewise sinusoidal basis functions as shown in
Fig. 2

(5)

where is the total length along
is the number of basis functions, and is the th basis

otherwise
(6)

with and , for
.

By casting (5) into (4) and using Galerkin’s proce-
dure, an matrix equation is obtained from which
the unknown expansion coefficients and thus the cur-
rent distribution can be solved. It is noticed that from
Floquet’s theorem, should be equal to

. This constraint must be applied
when solving the matrix equation. Finally, by remembering
that the current of any period is the same asexcept a phase
difference of a multiple of , the total induced current

on the finite periodic structure of Fig. 1(a) can be
approximated as

(7)

The back-scattering field at a far point
, with , can be calculated

by using (1) with replaced by the total current
and replaced by the asymptotic

Green’s function of a -directed line source

(8)

The result turns out to be

(9)

where is the radiation field due to the induced current
of a single period

(10)
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Fig. 3. Themth period of the curved grating structure.

Fig. 4. Back-scattering field patterns of planar triangular grating structure with
b = 0:3�; 0:8�; and1:5�.W = 20 cm,h = 3 mm,a = b; f = 77 GHz.

It is seen from (9) that due to the round-trip phase differ-
ence, the back-scattering field from theth period is equal to

plus a phase excess of 2 . Also, similar to an
antenna array, the total back-scattering field pattern of the fi-
nite periodic structure equals the product of an element pattern

and an array factor .

B. Curved Grating Structures

The curved grating structure shown in Fig. 1(b) is formed by
periodically putting triangular metal structures on a metal
arc surface of width and height . The arc height is as-
sumed much smaller than the arc width, so that the curved
grating structure may be considered as a perturbation of the
planar grating one. The distribution of the induced current am-
plitude on each period is thus assumed to be the same as that of
the planar structure, i.e., . The current phase is mod-

Fig. 5. Back-scattering field patterns of planar triangular grating structure with
h = 3 mm,1 mm, and0 mm.W = 20 cm,b = a = 1:5�; f = 77 GHz. The
result ofh = 0 mm calculated by the PO method is shown in the bottom figure
for comparison.

ified by incorporating the phase deviation of the incident field
at the structure surface due to the perturbation of the structure.
Consider the th period of the grating structure, which is lo-
cated at a height above the – plane and with a tilt angle
of (Fig. 3). For a point on the period’s surface, an
approximate height deviation of is in-
troduced due to the structure perturbation. The incident field ar-
riving at that point would thus have a small extra phase excess
of . Therefore, the induced cur-
rent on the th period is approximated as

(11)

which corresponds to a back-scattering field of

(12)

Note that the integration is along the contour, which is the
surface of a period of the unperturbed (planar) structure. The
total back-scattering field of the curved grating structure is
obtained by summing the contributions from all the periods, i.e.,

(13)
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Fig. 6. Back-scattering field patterns of the curved triangular grating structure
with H = 0:5, 1:0, and1:5 cm.W = 20 cm, b = a = 1:5�; h = 3 mm,
f = 77 GHz. The results of the planar grating structure(H = 0) are shown
for comparison.

III. SIMULATION RESULTS

After the analysis, a method-of-moment code has been fin-
ished to simulate the back-scattering effects of the grating struc-
tures. The widths of the grating structures are set to be 20 cm,
i.e., cm . Fig. 4 compares the back-scattering
field patterns of planar grating structures with period widths
equal to 0.3 0.8 and 1.5 . The triangular grating’s width

is the same as the period width, and the grating’s height
equals 3 mm. As is seen, the field pattern for has only
one main lobe, while those for and have more
than one. The wider the period is, the higher the number of field
lobes and the closer is the spacing between lobes. When exam-
ining (9), it is found that the number and spacing of the main
lobes are determined by the “array factor,” which in turn is con-
trolled by the period width. As is larger than 0.5, multiple
main lobes would appear in the range of visible angles. For the
planar grating structure of , Fig. 5 shows the influ-
ence of the grating’s height on the back-scattering field pat-
tern. The main lobe number stays the same whenis reduced
from 3 to 1 mm, but the lobe levels and lobe beamwidths are re-
duced for the side main lobes. Asis further reduced to zero, the
grating structure becomes a flat metal strip, and the side main
lobes completely vanish. As a numerical check, the simulation
result using the physical optics (PO) method for the flat strip is
also shown. It is seen that the results calculated by the two dif-
ferent methods agree quite well.

Fig. 7. Back-scattering field patterns of the curved triangular grating structure
with H = 0:5, 1:0, and1:5 cm.W = 20 cm, b = a = 1:5�;h = 3 mm,
f = 77 GHz. The results of the planar grating structure(H = 0) are shown
for comparison.

Although increasing the period width may increase the main
lobe number, the back-scattering field still changes violently
with the change of the incidence angle. Only at the angles where
the main lobes are located can strong back-scattering fields be
received. To release this limitation, one may arch the grating
structure to increase the beamwidths of the main lobes. Fig. 6
shows the back-scattering field patterns of the curved grating
structures with arc heights of 0.5, 1.0, and 1.5 cm. The pe-
riod width equals 1.5 and the grating’s height equals 3
mm. The field pattern of the planar grating structure, i.e., the
curved grating structure with , is also shown for compar-
ison. For the planar grating structure with , there are
five sharp main lobes in the range60 60 . As the
structure is arched with height of 0.5 cm, the five main lobes
become broader, at the expense of reduced lobe levels. When

is further increased to 1.0 cm, as shown in the middle figure,
the lobes’ beamwidths are wide enough so that the five lobes
become connected to each other. At this condition, the whole
back-scattering field pattern of the grating structure is quite flat
in the range of 50 50 . A broad back-scattering
beam as wide as 100is obtained. Further arching the struc-
ture to cm would over-broaden the main lobes and
cause interference between lobes, thus producing a fluctuating
field pattern as shown in the bottom. As another example, Fig. 7
illustrates the influence of the arc heighton the field pattern
of the grating structure with period width . Since the
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Fig. 8. Back-scattering field patterns of the curved triangular grating structure
for different grating heighth. W = 20 cm,H = 1:0 cm,b = a = 1:5�; f =
77 GHz.

Fig. 9. Back-scattering field patterns of the curved triangular grating structure
with a = b=3 anda = b. W = 20 cm,H = 1:0 cm,b = 1:5�;h = 3 mm,
f = 77 GHz.

main-lobe spacing of the corresponding planar grating structure
is increased as compared to that of , a larger arc height
is needed to broaden the main-lobe beamwidths so that a flat
back-scattering field pattern may be achieved. As shown in the
figure, the required arc height would be larger than 1.5 cm.

For the curved grating structure of cm and
, Fig. 8 shows the field patterns for a grating height ,

, and mm. The field pattern is approximately the same when
the grating’s height is increased from 3 to 3.5 mm. But when
is reduced to 2 mm, the field pattern is a little deteriorated and
has about 10 dB down in the range of .

Next, the effects of the geometry of the grating structure are
to be studied. Fig. 9 compares the back-scattering field pattern
for the curved grating structure of to that of . The
other structure parameters are fixed as cm, ,
and mm. As can be seen, although the triangles’ width

is reduced to one-third of the original one, the field pattern of

Fig. 10. Back-scattering field patterns of curved multangular grating
structures.W = 20 cm,H = 1:0 cm, b = a = 1:5�;h = 3 mm,f = 77
GHz.

Fig. 11. Back-scattering field patterns calculated by using different number
(N) of basis functions.W = 20 cm,H = 1:0 cm, b = a = 1:5�;h = 3
mm, f = 77 GHz.

has little change as compared to that of , which
means that the triangles’ width is a minor factor in the design of
the grating structure. As compared to the result of the triangular
grating, Fig. 10 shows the field patterns of several multangular
gratings. cm and . The metal surface in each
period is piecewise-linear and withequal segments. The end
points of the segments are located on an arc of width and
height mm. As shown in the figure, the field levels at
8 and 30 50 for the structures of are lower
than those of the triangular grating structure . Also,
the field pattern becomes convergent when the segment number

increases. (Note that asapproaches infinity, the piecewise-
linear metal surface in each period becomes an arc surface.)

As a numerical check, Fig. 11 depicts the field patterns of
curved triangular grating structures calculated by using a dif-
ferent number of basis functions in expanding the induced
current of a period. cm, , and mm.
As seen in the figure, no obvious difference is distinguished over
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Fig. 12. Back-scattering field patterns calculated by using the PO method and
the method of moment withb (=a) = 0:8� and1:5�.W = 20 cm,H = 1:0
cm,h = 0 mm, f = 77 GHz.

the entire range of incident angles, which implies the conver-
gence of the numerical work. As another check, the field pat-
terns of the curve structure with arc heightequal to 1.0 cm
but without grating ( mm) are calculated by using the
present method (with and ) and the PO method.
The results are shown in Fig. 12. Since no grating exists in the
structure, there is only one main lobe in the field pattern. Due to
the arching of the structure, the beamwidth of this lobe is broad
as compared to that of the flat strip of the same width (bottom
figure of Fig. 5). As can be seen, the field patterns calculated by
the present method match well and agree with that by the PO
method.

IV. CONCLUSION

In this paper, two-dimensional grating metal structures with
broad back-scattering field patterns have been studied by using
the method of moment together with a perturbation method.
The curvature of the grating structure and the width and shape
of each period were changed to examine their influences on
the field patterns. The validity of the numerical work has been
checked by using the convergence test and by comparing the re-
sults to those of the PO method. It has been found that arching
the grating structure is necessary to produce a broad and flat
back-scattering field pattern. The required arc height is depen-
dent on the period width of the grating structure. A smaller pe-
riod width should be accompanied with a larger arc height. As
compared to the large influence of the structure curvature and
period width, the geometry of each period has a minor effect on
the field pattern.
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