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Letters

A Fast High-Order Solver for EM Scattering from Complex  provided by Fourier series in the periodic case, and it thus achieves
Penetrable Bodies: TE Case the claimed high-order accuracy, see Section IV.

Oscar P. Bruno and Alain Sei II. PRELIMINARIES
We consider a scattering configuration in which a bounded scat-
Abstract—\We present a new high-order integral algorithm for the terer(2 is contained within a radiu® from the origin; the relevant

solution of scattering problems by heterogeneous bodies under TE ondimensional size is given byR = 27 R/\. The refractive index

radiation. Here, a scatterer is represented by a (continuously or dis- ) - PR N .
continuously) varying refractive index n(=) within a two-dimensional n(x) varies arbitrarily in(2 andn(x) = 1 outside the scatterer. Thus,

(2-D) bounded region; solutions of the associated Helmholtz equation Settingm(z) = 1 — n*(x), for [¢] > R we haven(x) = 1 and
under given incident fields are then obtained by high-order inversion m(x) = 0. For a given incident field:'"“, the total field«, equal to
of the Lippmann—Schwinger integral equation. The algorithm runs in  the sum of:*™* and the scattered field", is a solution of Helmholtz’s

O(NNV log(IV)) operations, where N is the number of discretization o4 ationAy + k2n2(z)u = 0 or, alternatively, a solution of the Lipp-
points. Our method provides highly accurate solutions in short computing . . .
mann-Schwinger integral equation

times, even for problems in which the scattering bodies contain complex
geometric singularities.

72 g
T Hi(kle —ym(p)uly)dy Q)

Index Terms—Electromagnetic (EM) scattering, iterative methods, non- u(z) = ui"“(w) -
Q

homogenous media.

where H; is the Hankel function of the first kind; see, e.g., [2]. We
|. INTRODUCTION solve this equation by the iterative technique GMRES [3], which re-

We present a new high-order integral algorithm for the squtio_g\u"es repeated evaluations of the right-hand side (RHS) of (1) for given

of problems of electromagnetic (EM) scattering requiritvgp-di- inputsu. The accuracy of the calculation is limited by that of the inte-
mensional(2-D) integration. We restrict ourselves to the simplesqral evaluations; thus our focus on high-order singular quadrature rules.

EMs problem in which 2-D singular integrals occur: scattering by
a 2-D heterogeneous body under TE polarized radiation. A basic Ill. N UMERICAL METHOD

element in our method is the use of truncated Fourier expansions ofy algorithm is based on use of the addition theorem, which pro-

the Green function of the problem. The logarithmic point-singularitiqﬁdes amean to integrate to high order the singular integrand in (1). We
of the Green function manifest themselves, in the finite Fouri%us use polar coordinates= ae’¥ andy = re* so that the integral

approximations, as singular arcs inside the integration domain; see (3).tho RHS of (1) becomes
Such singularity distributions allow for computation of the required
2-D integrals by means of simple 1-Bigh-order integrators. The a2 (R 2
rdr
!

algorithm is fast: it runs inO(N log(N)) operations, whereV is Klul(a, 1) = =
the number of discretization points. It can be applied to general
configurations, including scatterers in which the refractive index
varies discontinuously. An example is provided of a highly singular ] ) ] N
scattering configuration containing cusps, for which solutions wite*Panding the kernel in (2) via the addition theorem for the Hankel
errors of ordet 0~ are obtained in a 13-s computation on a desktofy'"ction
computer. Thus, the performance of the present algorithm in general foo
cases improves by many orders of magnitude over that exhibited by 7! (;|ae'® — r¢|) = Z Tela, r)et="
other methods available at present. —

Our approach is related to the well-knovinspace method [1], To(a, v) = Je(rmin(a, r))H (x max(a, r)) ©)
which is based on representation of the solution by its Fourier trans- o ’ ' ’
form, in cartesian coordinates, in all of space. In this case, truncation , . . . . . ) _

. h and introducing the Fourier series expansi@fju](a, v) =

of the Fourier transform at wavenumbétdeads to errors of the order g Ke[u](a)e'™ we then obtain the expression
of 1/K, and thus, the error in thie-space method is of order one in“~=—=° ¢
the mesh-size (compare analysis and numerical results given in [4]).
Our method takes advantage of the highly accurate approximations

CHy (ilae™ —reYm(r, O)u(r, 6)d6.  (2)

Kiful(a)
’4

2 R 27 .
/ NAGE r)rdr/ m(r, §)u(r, §)e™"" do (4)
0 0
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Fig. 1. A scattering configuration and its far-field pattern.

TABLE |
ERRORS AND TIMINGS FOR THE CONFIGURATION OFFIG. 1: N, = 3 AND kR = 3 SHOWING A LINEAR DEPENDENCE OFINTEGRATION
TIMES AND OVERHEAD M - N,

n2 | M | Ng | N, | # Iter | OH(s) | NO(ms) | Tot. Time(s) | NT(ms) | Error (Far Field)
2 110|121 | 23 2 0.593 2.5 1.934 72 1(-3)
2120|131 31 2 1.273 2.0 5.007 75 1 (-4)
2 |30} 141 | 43 3 2.332 1.8 12.794 67 3 (-5)
72110 121 | 19 2 0.611 3.2 8.678 52 3(-1)
7220 | 141 | 33 3 1.666 2.5 46.952 57 7 (-2)
72130 | 225 | 63 6 4.110 2.2 264.233 57 7 (-3)
viable.) Analogously, we define:’(r) = SV we(r)e’™, where callingV, = N;(N, — 1) 4 1 the number of points in the dis-
I5Mry) = f[;“ m¥ (r, 8)a (r, B)e "’ d§ and cretizations for the variable,V = N, M. (Note that the angular dis-
- cretization paramete¥, does not appear explicitly in this complexity
PV [u)(a) = — “1 / Tela, ) ITM (ryrdr. ) estimate: the numbe¥/ of Fourier modes is used instead.)
0

. . . o IV. NUMERICAL RESULTS
Now we note that the integrand definidify " (») is a periodic regular

function ofg. Thus, thed integration can be performed by means of the We have produced solutions for a large class of scattering config-
trapezoidal rule, which, in addition to being exponentially accurate, carations, including smooth scatterers as well as scatterers with singu-
be evaluated with a reduced operation count by means of the FFT. dauities such as corners and cusps. In the case of a circular cylinder
integration problem now reduces to evaluation of radial integrals wehere analytical solutions are available, double-precision accuracies
high order quadrature. To compute the integral in (5) we note that were obtained in short computing times. A nontrivial comparison with
an exact solution as discussed below is also presented, showing conver-

Ko[u)(a) = H. (ka) /mm(‘a’R) Jg(m‘)[f‘ M(T)rdr gence consistent with that o_btained in the more complex cases. In what
0 ' follows we present calculations for one of the most challenging geo-
B 1, \pF, M metric configurations we have treated, containing discontinuities and
+Je(ra) /min(a 0 Hy(sr)Ip> ™ (r)rdr. ®) cusps in the distribution of refractive index, see Fig. 1. We first show

results for low values of the refractive indexX = 2, and then, fol-
We assuméf’ M(r) is differentiable to a sufficiently high order. This lowing [4], for the much larger valug® = 72. In fact there is no limit

is not a restrictive condition since appropriate changes of variables ¢arthe complexity of the problem that can be treated provided appro-
be used to resolve the singularities that may occur in this function. Thgate discretizations are utilized; see Table I. All the reported computa-
radial integration algorithm we have devised is based on polynomtains were performed on a single-processor 200-MHz Silicon Graphics
interpolations. To evaluat&’,[«] we divide the radial integration do- R-10000 desktop computer.

main in a numbetV; of interpolation intervals. Within each interval We thus consider the scattering configuration depicted in Fig. 1,
ue(r) is interpolated by a polynomial of degrég, — 1, thus yielding formed by 12 touching circles of refractive index 8 of radius 0.5,
errors of ordeiV» for a mesh size of ordér. For adequate values of and 4 of radius 0.25, in such a way that the smallest circle containing
N, direct integration of these polynomials provides accurate approtite scatterer has radiug = 3. The cusps in this geometry are well
mations of/,[«]. The overall complexity of the method ¥ log(N), known to present severe difficulties to other algorithms. For such a dis-
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continuous refractive index it is necessary to use Fourier smoothing; the A Low-Profile Conical Beam Loop Antenna with an

value FF = 100 was used here. (Thorough numerical tests, including Electromagnetically Coupled Feed System
comparison with the exact solution mentioned below as well as conver-
gence tests, have shown that the values of the smoothing parafeter H. Nakano, K. Fujimori, and J. Yamauchi

we used give converged solutions within the error bars quoted.) Table |

shows convergence studies for = 2 andn? = 72. Errors in the table o o ]

(maximum absolute values in the far field) were obtained by compar- Abstract—The radiation characteristics of a low-profile loop antenna are
evaluated using the method of moments (MoM). The loop having a circum-

ison with a much more refined discretizatiafi: = 200, M = 100,  ference of approximately two wavelengths is electromagnetically coupled

N, = 181,andNy = 301 inthe cases” = 2,andF = 200, M = 40, 1o a bent feed line and radiates a circularly polarized conical beam. The
N, = 301, andNy = 295 for n? = 72. Near field errors are gener- frequency bandwidth for a 3-dB axial ratio criterion is calculated to be ap-

aIIy larger by a factor of 10. As claimed, our algorithm resolves t °Ximate'g0-3%é°£ a?]ar?te””".‘ heigdht ofh = 0.064 Wa"?'e”gthﬁ' O"erd
_ (—5) the same bandwidth, the input impedance is approximately 50 ohms an
= 2 configuration with an error of ordei0 ina 13-srun. The the gam is approximately 7 dB.
restart parameter required by GMRES was taken to equal 4 in the case

= 2 and to equal 40 fon? = 72. OH denotes the overhead, and Index Terms—Electromagnetically coupled feed, loop.
NO and NT denote the normalized quantities BQL0*OH/(M - N,.)
NT = 10*(Time — OH)/(Restart lter- A - N,.). In order to insure |
that these tests give an accurate measure of the error we applied the
same procedure to an off-center circle for which an analytical solution!t is well known that a loop antenna is a linearly polarized (LP) radi-
is known. This geometry provides a nontrivial test for our solver sin@ion element [1], [2]. Recent theoretical study has revealed that, when
it involves discontinuities in the refractive index within the domain ofwo perturbation elements are added to a one-wavelength circumfer-
integration. Our test circle has radius one and is centered at (2, 0). EBEe loop [3], an LP axial beam can be changed to a circularly polar-
n? = 2 usingM = 10, 20, and 40 our solver yields errors2ff—4), ized (CP) axial beam.
3(—5), and4(—6), respectively. Fon? = 72 usingM = 10, 20, and Automobile communication systems often require a CP conical
40 modes we obtained errors&i0), 2(—2), and2(—3), respectively, beam antenna in addition to a CP axial beam antenna. For this require-
in good agreement with the orders of the errors shown in Table |. ment, this letter presents a low-profile loop antenna that radiates a CP
conical beam. For CP conical beam formation, a single perturbation
element is added to a loop whose circumference is approximately two
o ) i ~ wavelengths.
(1 m'eﬂi'rfgﬁgi‘;iﬁeg;pggg fg:;“e”rllegl'O?ZOfptges%afé%Tglgg;b'em N Attention is paid to input impedance matching. To reduce the high-
[2] D. Colton and R. Kresslnverse Acoustic and Electromagnetic Scat!NPut impedance of the conventional loop antenna fed directly from a
tering Theory New York: Springer-Verlag, 1992. coaxial line, an electromagnetically coupled feed system is proposed.

[3] Y.Saadand M. H. Schultz, “"GMRES: A generalized minimal residual af he feed line in this system is not in contact with the loop, leading to
gorithm for solving non-symmetric linear systemSJAM J. Sci. Statist. straightforward impedance matching.
Comput, vol. 7, pp. 856-869, 1986.
[4] P.Zwamborn and P. Van den Berg, “Three dimensional weak form of the
conjugate gradient FFT method for solving scattering problefE&E Il. DISCUSSIONS
Trans. Microwave Theory Techvol. 40, pp. 1757-1766, Sept. 1992.

. INTRODUCTION

REFERENCES

Fig. 1 shows the configuration and coordinate system of a low-pro-
file loop antenna. The loop is made of a thin wire of ragiu$he loop
of circumferenc&’, backed by a conducting ground plane, has a pertur-
bation element of lengthh L at pointb. The distance from the ground
plane to the loop section (antenna height) and the angle made by the
x axis with lineo’-b (perturbation angle) are designatedhaand o,
respectively. The loop is supported by a dielectric material of relative
permittivity =,-.

The feed system consists of a bent wire-d of radiusp », which
is electromagnetically coupled to the loop (EM-coupled feed). The
curved section of the feed wired is parallel to the loop and located
justunder the loop. The vertical sectipr- and the parallel sectiofrd
have lengths oL, and L ., respectively.

Throughout this letter, the following parameters are chosen to be as
follows: p = 0.003\; = 0.6 mm, . = 0.064)\, = 12.8 mm, s, =~ 1
(honeycomb material is used for a spacer), @nd= 0.0031A\, = 0.62
mm, where\, (=200 mm) is the wavelength at a design frequency of
fo = 1.5 GHz.

The loop circumference, perturbation element length, and bent wire
length are initially chosen to b€ = 2\o, AL = 0.025 C, andLv +
Ly = Xo/4, respectively. Then these values are optimized such that
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the antenna radiates a circularly polarized wave with an antenna input
impedance of 50 ohms at the design frequeficyresulting inC' =
1.986A0, AL = 0.05Xg, and(Lv, L) = (0.023\o, 0.226)¢). For
confirmation of the analysis, experimental results are obtainef) fer

1.5 GHz, using these configuration parameters.

The method of moments (MoM) is used to obtain the current dis-
tribution. The theoretical radiation pattern, axial ratio, gain, and input
impedance are evaluated on the basis of the obtained current distribu-
tion. Note that the ground plane in Fig. 1 is assumed to be of infinite
extent. -800

Fig. 2 shows the theoretical current distribution at frequeficy 0.99 10 101
where the perturbation angle, is chosen to b&0°/4 = 22.5°. A frequency f/fo
traveling-wave current flows along the loop section. The amplitude of
the currenI| (I = I, + jI,) is almost constant. The discontinuity _
of the current at point is due to the perturbation element. Note that'd >
Kirchihoff’s current law is satisfied at branch point

The traveling current yields CP radiation. A right-hand CP wave is Fig. 3 shows the theoretical radiation patternfatin the ¢ = 0°
obtained withp, = 90°/44+90°n (n = 0, 1, 2, 3),and aleft-hand CP plane, whereZr (solid line) andE';, (dashed line) are the intensities of
wave is obtained witkp, = 90°(3/4) + 90°n (n = 0, 1, 2, 3). The theright- and left-hand CP waves, respectively. The copolar component
rotational sense alternates with an angle period of Ubthe following (Er) has a maximum value in tte= 34° direction and the variation
discussion, the perturbation anglgis fixed to beg, = 90° /4. in Er atf = 34° as a function of azimuth angleis very small (less

-400

input impedance Zin

direct feed

Input impedance as a function of frequency.
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than 1.1 dB). That is, a CP conical beam is formed. Note that the cros$ Coupled Surface-Volume Integral Equation Approach
polarization componenf;,) atd = 34° as afunction ofazimuthangle for the Calculation of Electromagnetic Scattering from

¢ is very small, leading to good axial ratios of less than 2.2 dB. Composite Metallic and Material Targets
The frequency response for the axial ratio in the directtony) =
(34°, 0°) is shown in Fig. 4, together with the gain. The frequency C. C. Luand W. C. Chew

bandwidth for a 3-dB axial ratio criterion is calculated to be approxi-

mately 0.5%. The gain within the same bandwidth is almost constant
(approximately 7 dB). Abstract—A coupled surface-volume integral equation approach is pre-

. . . - _ p . sented for the calculation of electromagnetic scattering from conducting
The behavior of the input impedancg, = Ri, + jXi., as a objects coated with materials. Free-space Green’s function is used in the

function of frequency is shown in Fig. 5. For comparison, the inp@rmulation of both integral equations. In the method of moments (MoM)
impedance when the loop is directly fed from a coaxial line (designateelution to the integral equations, the target is discretized using triangular

as the direct feed), as shown in the inset in Fig. 5, is also presentedaliches for conducting surfaces and tetrahedral cells for dielectric volume.

is found that the high-input impedance for the direct feed is reducg‘&neral roof-top basis functions are used to expand the surface and volume
rrents, respectively. This approach is applicable to inhomogeneous ma-

) . . G
to 50 ohms using the EM-coupled feed, by which the antenna is eaqgjym coating, and, because of the use of free-space Green'’s function, it can
matched to a commercially available coaxial line. be easily accelerated using fast solvers such as the multilevel fast multipole
algorithm.
Ill. CONCLUSION

A low-profile loop antenna (antenna height= 0.064\¢), whose I INTRODUCTION

circumference is approximately two wavelengths, has been analyzedecently, advance in fast algorithms for computational electromag-
using the MoM. This loop has a single perturbation element. It is foumetics demonstrated great potential to solve scattering problems with
that the loop radiates a circularly polarized conical beam with a gaiealistic targets. However, significant reduction of computational com-
of approximately 7 dB over a frequency bandwidth of approximatelylexity has been achieved for scattering problems with conducting tar-
0.5%. It is also found that the EM-coupled feed leads to an inpgets only. To expand the capability of fast solvers to include material

impedance of 50 ohms. or material coated targets, it is necessary to investigate solvers that
can model material-coated targets. This is the motivation for the cou-
ACKNOWLEDGMENT pled integral-equation approach presented in this letter. It should be

. . . pointed out that scattering calculation for composite conducting and di-

The autholrs woulq like to thar.1k V. Shkawrytko for his assistance |, qtric objects has been studied previously [1]-[4] using coupled sur-
the preparation of this manuscript. face-integral equations and coupled surface- and volume-integral equa-

tions [5]. However, [5] used pulse-basis functions and applies to rect-

REFERENCES angular shaped objects. In this letter, we present a similar formulation
[1] R. C. JohnsonAntenna Engineering HandbooBrd ed. New York: but with general roof-top basis function expansion and the tetrahedron
McGraw-Hill, 1993, ch. 5. discretization of the dielectrics. Hence, the approach from this letter

[2] H.Nakano, S.R. Kerner, and N. G. Alexopoulos, “The moment methaghp|icable to arbitrarily shaped objects. In the following formulation,
solution for printed wire antennas of arbitrary configuratiolfEEE the time factor i (it di d
Trans. Antennas Propagatcol. 36, pp. 1667—1674, 1988. e time factor is:xp{—iwt} and is suppressed.
[3] H. Nakano, “A numerical approach to line antennas printed on dielectric
materials,”"Computer Physics Communmol. 68, pp. 441-450, 1991. Il. FORMULATIONS

The problem is to calculate electromagnetic scattering from mate-
rial-coated objects. The incident wave induces surface cugrerdan
the conducting surfacg of the objects, and also induces volume cur-
rent.Jv in the dielectric regioi¥ . The total scattered field is the super-
position of radiations from the surface current and volume current. Let
the radiation from/ ¢ and.J, be E<™® andE'$°®, respectively, then

Bt = i;u,ub/ 5(7‘, 7)o Jadr, a=SorV 1)

whereG = (T + VV/k2) exp{iky|F — 7|} /4x|[F — 7| is the 3-D
dyadic Green'’s function, and, is the wavenumber for the background
media. The surface integral equation is formed based on the boundary
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Fig. 1. The calculated RCS of a conducting sphere coated with dielectric material.
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Fig. 2. The calculated RCS of a coated conducting ogive-like object (solid line), and that of a conducting object (dotted line) whose surfagdlie saant!
as the outermost surface of the coated object. The upper part of the figure shows the geometry mesh.

condition, which requires vanishing tangential component of total elec-Since the polarization current is related to the total electric field by
tric field Jv =iw(ey — ¢)E, we actually have two unknown functiods; and

Jv in(2) and (3). In the implementation of this lettér,= <E is used

as the distribution function in the dielectric.

The coupled-integral equations are converted into matrix equations
using the method of moments (MoM) [9]. The procedure consists of
gubdividing the solution domain into small cells, and representing
the induced currents by basis functions that are defined on those
small cells. In this letter, small triangular patches are used to model
‘ the conducting surface, and the tetrahedron is applied to represent
EF) =EY'(F) + BV (F) + E' (7). (3) the dielectric region. An arbitrarily shaped object can be accurately

EX'(F)+ EV"(F)+ E'(F)=0, TE€ES. )

The volume-integral equation is formed by writing the total electri
field E in dielectric as the summation of the incident fidld and the
scattered field, i.e.,



1868 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 48, NO. 12, DECEMBER 2000

modeled when the cell sizes are small enough. In order to simplRCS is increased. This can be attributed to the excitation of surface
the treatment of conductor-dielectric interface, it is required that theaves.
triangular patches coincide with the external faces of tetrahedrons.
The surface and volume distribution functions are expanded in terms

of 3-D vector basis function that was originally introduced by Rao, . . .
Wilton, and Glisson (RWG) in [7] and has also been applied for The coupled surface-volume integral equation for electromagnetic
solviné volume-integral equations in [10] scattering from material coated object is solved using the method of

The above selection of volume basis function has an advantage tWé’tments' The composite metallic and dielectric object is modeled with

the normal component ab is continuous across the faces betweeW'Xed triangular surface patch and the tetrahedral volume mesh. Ac-
curate result has been obtained for a coated sphere. The approach pre-

cells. This is consistent with the boundary condition for dielectric in= ted in thi . itable f deling inh terial
terfaces. However, sincd@ on the exterior boundary is not necessarilfen ed in this paper s suitable for modeling INhomogeneous materia
material coatings. It has the same versatility as the finite-element

zero, additional degrees of freedom must be introduced to determflle

IV. SUMMARY

D on the exterior boundary that interfaces with the background med3
This is realized by assigning a “half” basis function for each exteri5
face of the tetrahedral cell. Hence, a “half” basis function is associat®
with only one tetrahedron. However, if an exterior face of a tetrahe-
dron is terminated by a conducting patch, then this “half” basis ¢

be removed by using the continuity condition. It can be shown thi
fi-D = V -Js/iw, and the coefficients associated to those
basis functions are related to a s&éfq) of surface basis coefficients

by

G Y avne/en). e

mEMg

It should be pointed out that sing&; is the RWG basis function de-
fined over tetrahedrong,- f is a constant over the tetrahedron sur- (2]
face. Otherwise a testing procedure is needed to detemtjine

(3]

IIl. NUMERICAL RESULTS [4]

ethod in modeling material coating. Therefore, it can be an impor-
ght alternative to the finite-element method. For instance, when the

trast of the dielectric material is low, this method is a perturbation
the free-space metallic scatterer problem, where rapid convergence
iterative solution is expected. Another important feature of this ap-
anch is that both the surface integral equation and the volume in-
“ha”tegral equation are formulated using the free-space Green’s function.
This feature makes it easy to apply the multilevel fast multipole solvers
to reduce the computational complexity.
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In this section two numerical results will be shown. The first result, [5] T. K. Sarkar, S. M. Rao, and A. R. Djordjevic, “Electromagnetic scat-

shown in Fig. 1, is the calculated radar cross section (RCS) of a con-
ducting sphere coated with dielectric material. The radius of the sphere[G]
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the dielectric permittivity of the coating materialdés = 4. The inci-
dent angles ar&’ = 0, ¢' = 0, and the observation angles @fe= 0

to 180°, and¢® = 0. The number of triangular cells used to approxi-
mate the conducting surface is 432, and the number of tetrahedral cells
to model the coating spherical shell is 1296. The exact solution using[8]
Mie series is also shown in the figure as reference.

The second example, shown in Fig. 2, is the calculated radar cross
section of a coated ogive-like object. The incident plane wave is in [9
V-pol [i.e., Bi = 1 (V/Im)andEY = 0 for the incident wave at the 10]
origin]. The conducting part of this object is formed by joining the
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bases of two cones. The cones are of the same size and shape with base 30, pp. 409-418, May 1982.

radius0.24)\, at frequency 300 MHz, and height bf0\;. The cones

are formed by rotating a parabola profile around thaxis. Material

with =,. = 2.56 4+ ¢0.5 is uniformly coated over the conducting surface
and the coating thickness(id)7Aq. Also, shown in Fig. 2 (dotted line)

is the RCS of a conducting object whose surface is exactly the same as
that of the outermost surface of the coated object. This comparison is
to show the effect of material coating. It can be observed that the RCS
for the coated object is smaller in the angle range fldm= 40° to

#° = 140°. However, in the angle range df,(40°) and (140°, 180°)

the coated object has larger RCS than the conducting object. In other
words, for this specific shape, when the incidence angle is close to
the normal direction with respect to the surface, the coating has the
effect of reducing the RCS. And if the incidence angle is larger (close
to grazing incidence), the coating has an opposite effect, the overall
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Single-Feed Circularly Polarized Equilateral-Triangular
Microstrip Antenna with a Tuning Stub

Jui-Han Lu and Kin-Lu Wong

Abstract—Novel circular polarization (CP) designs of single-feed equi-
lateral-triangular microstrip antennas are proposed and experimentally
studied. The proposed CP designs can easily be achieved by loading a
narrow tuning stub at the triangle tip or at the center of the bottom edge
of the triangular patch. Moreover, by embedding a cross-slot of equal slot
lengths in the triangular patch, a compact CP operation can easily be
obtained, with an antenna size reduction up to about 22%, as compared
to the CP design of a regular triangular microstrip antenna without
cross-slot at a fixed frequency.

Index Terms—Circularly polarized radiation, microstrip antenna. x
—
[« d >l probe feed
I. INTRODUCTION ! (*p ¥p)

It is noted that conventional single-feed circular polarization (CP)
designs of microstrip antennas that are available in the open literature
are mostly on microstrip antennas with square or circular patches. How-
ever, owing to the advantage of having smaller patch size at a given fre
guency, as compared to square and circular microstrip antennas, son
related designs with a triangular microstrip antenna have recently beel
demonstrated [1]-[4]. In this letter, we demonstrate another promising
simple CP design of single-feed triangular microstrip antennas for easy
implementation and fine tuning. By simply loading a tuning stub of
proper length [5] at the triangular tip or at the center of the bottom edge
of the triangular patch [see Fig. 1(a) and (b)], two orthogonal near-de-
generate resonant modes can easily be excited for CP operation. Since
the tuning stub is of narrow width and is not embedded in the trian-
gular patch as the cases with a slit or a horizontal slot [2], [3], it will
be relatively easier to adjust the tuning-stub length to compensate the
possible fabrication errors and substrate materials tolerances.

Moreover, by applying the present design with a tuning stub to a
compact triangular microstrip antenna with a cross-slot of equal slot
lengths (see Fig. 2), CP radiation is also expected to be more easily
achieved than the compact CP designs in [3], [6], and [7]. This is
because the excitation of two orthogonal near-degenerate modes for
CP radiation is now controlled by the tuning stub, not by the small
length differences or the slight asymmetry required in the cross-slot
[3], the spur lines [6], or the Y-shaped slot [7]. The proposed designs Probe feed
are studied experimentally in this letter. 2 %)

ground plane

Il. ANTENNA CONFIGURATIONS

Two configurations of the proposed CP design are depicted in Fig. 1.
The triangular patch has a side lengthiafnd is printed on a substrate
of thicknessh and relative permittivity=,.. A narrow tuning stub of
length {5 and widthw is loaded at the triangle tip [Fig. 1(a)] or at ground plane
the center of the bottom edge of the triangular patch [Fig. 1(b)]. Due
to the tuning-stub perturbation, the fundamental mode qT'¥an be

split into two orthogonal near-degenarate modes for CP operdtion. Fig. 1. Configurations of a single-feed equilateral-triangular microstrip
antenna with a tuning stub placed at (a) the triangle tip and (b) the bottom edge
of the triangular patch for CP radiation.

(b)
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TABLE I
CP FERFORMANCE OF THEPROPOSEDANTENNA SHOWN IN FIG. 2;
d =48 mm,e, = 4.4, h = 1.6 mm,w = 1 mm, FEED AT POINT
C. (@) ANTENNA 7: (s = 4.4 mm,l = 7.2 mm,d, = 8.8 mm. (b)
ANTENNA 8: {5 = 4.5 mm,! = 11 mm,d, = 7.0 mm. (C) ANTENNA 9:

ls =4.7mm,l =19.2 mm,d, = 2.5 mm
¢ £ d, Center CP Maximum
(mm) | (mm) | (mm) frequency | bandwidth | received power
Antenna7 | 7.2 44 8.8 1915 MHz 1.09% -49.58 dBm
Antenna8 | 11.0 | 4.5 7.0 1860 MHz 1.02% -50.64 dBm
Antenna 9 | 19.2 4.7 2.5 1708 MHz 0.88% -51.43 dBm

d >

A
gy FrlT
[543

EE ST

Fog
"‘+$:V~

+
+
4-
+

it

ground plane

Fig. 2. Configuration of a single-feed compact equilateral-triangular
microstrip antenna with a cross-slot of equal slot lengths for CP radiation.

TABLE |
CP RERFORMANCE OF THEPROPOSEDANTENNA SHOWN IN FIG. 1(a);
¢, = 4.4, h = 1.6 mm, w = 1 mm, FEED AT POINT A. (a) ANTENNA 1:

lg =5.6 mm,d =60 mm,(z,, y,) = (—8.0 mm, 4.5 mm). (b) ATENNA 2: 4
ls =4.4mm,d =48 mm,(z,, y,) = (—5.2 mm, 5.5 mm). (c) ATENNA
3:ils = 3.5 mm,d = 40 mm,(z,, y,) = (—3.5 mm, 4.0 mm) -
] Center | CP (3-dB axial- | Max. received 8 3~ N\X""""""-
(mm) | (mm) frequency ratio) bandwidth power ~
Q
Antenna 1 | 60 5.6 1564 MHz 1.15% -48.72 dBm g 2
-
Antenna2 | 48 44 1937 MHz 1.14% -49.06 dBm g
Antenna 3 | 40 3.5 2325 Mz 1.16% -49.51 dBm L
: < 1| 1937MHz
TABLE 1l 0 + +
CP FERFORMANCE OF THEPROPOSEDANTENNA SHOWN IN FIG. 1(b); 1920 1930 1940 1950
e =44, h = 1.6 mm,w = 1 mm, FEED AT POINT A. (a) ANTENNA 4:
ls =18.1mm,d = 60 mm,(z,, y,) = (=7.7 mm, 4.7 mm). (b) ATENNA Frequency (MHz)
5:¢s = 14.7mm,d = 48 mm, (x,, y,) = (—5.6 mm, 3.8 mm). (c) ®)

ANTENNA 6: (s = 12.2 mm,d = 40 mm,(z,, y,) = (—4.5 mm, 3.2 mm)
Fig. 3. Measured (a) input impedance and (b) axial ratio for antenna 2 with

d l Center CP Maximum received ;
@m | ¢ mxsn ) frequency bandwidth power parameters in Table I.
Antenna4 | 60 | 185 | 1559 MHz 1.14% -49.16 dBm o ) .
compact CP design is used in place of the regular CP design in Fig. 1.
Antenna5 | 48 | 147 | 1925MHz 1.09% -49.45 dBm o . . : . . o
The feed position at point C in the figure is for right-hand CP radiation,
Antenna6 | 40 | 122 | 2300MHz 1.13% -49.87 dBm and point D is for left-hand CP radiation. And the distance of the feed

position away from the cross-slot’s center is givendy

The proposed CP design for a compact equilateral-triangular mi- IIl. RESULTS AND DISCUSSION

crostrip antenna is shown in Fig. 2. The case with the tuning stub placed . ) ) . )
at the triangle tip is considered. The cross-slot has a lengtlaod the A. The Design with a Tuning Stub Loaded at the Triangle Tip
slot width isw. The cross slot is centered at the null-voltage point of Three cases of different patch’s side lengths (denoted as antennas 1,

the simple triangular microstrip patch in the TiMmode. It is then ex- 2, and 3 here) are studied and the CP performance is given in Table I.
pected that due to the cross-slot perturbation, both the effective surf&ig 3 shows the measured input impedance and axial ratio for antenna
current paths of the two orthogonal resonant modes can be lengther®edt, can be seen that a dip in the impedance locus near their respective
which lowers their corresponding resonant frequencies. Thus, an dominant resonant frequency is obtained, which indicates that two res-
tenna size reduction can be expected at a fixed frequency if the presmmnt modes are excited at very close frequencies and also suggests that
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Fig. 4. Measured radiation patterns in two orthogonal planes for antenna 2 at 1937 MHz.
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Fig. 5. Measured (a) input impedance and (b) axial ratio for antenna 5 withy 6. Measured (a) input impedance and (b) axial ratio for antenna 7 with
parameters in Table II. parameters in Table Ill.

the fundamental Tivhb mode is split into two near-degenerate modesip than at the bottom edge. Good right-hand CP radiation is also seen,
Fig. 4 plots the measured radiation patterns for antenna 2 at the ceatad for brevity, measured radiation patterns are not shown here.

frequency, the frequency with minimum axial ratio in the CP band-
width. Good right-hand CP radiation is observed. C. The Compact CP Design with a Tuning Stub and a Cross-Slot of

Equal Slot Lengths
B. The Design with a Tuning Stub Loaded at the Bottom Edge The compact CP design (Fig. 2) with three different cross-slot sizes

Three cases of antennas 4 to 6 are studied and the results are listédritennas 7, 8, and 9) is studied. The obtained CP performance is listed
Table II. The measured input impedance and axial ratio for antenna fnigable Ill. Measured input impedance and axial ratio for antenna 7 are
shown in Fig. 5. Itis seen that when the tuning stub is at the triangle tjmesented in Fig. 6. It is seen that the center CP frequency decreases
the required tuning-stub length for CP radiation is much smaller thavith increasing cross-slot length. For antenna 9, the center frequency
that in the design with the tuning stub at the bottom edge. This suggdst®wered to 1708 MHz, which is about 88% times that (1937 MHz)
that effect of the tuning-stub loading is more prominent at the triangtd the regular-size CP design (antenna 2). This lowering in the center
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frequency can correspond to an antenna size reduction of about 22% REFERENCES
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