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1. INTRODUCTION

Waveguide-fed slot antennas are widely used on airborne radars. Based
on the characteristics of the antennas, they are described as a structure
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of rectangular waveguides in the same size and longitudinal slots flush-
mounted on them. Although these antennas have been studied for
many years, they were treated mainly as radiating structures, with the
major concern on radiation patterns. However, research on the EM
scattering characteristics of these antennas is of significance in targets
(especially on complex targets) identification.

In this paper, a numerical technique employing the MOM and EECs
is presented for studying the scattering from slot antennas fed by
waveguides with arbitrary terminations. The fields in the slot’s are
calculated by assuming slots array which are mounted flush on a large
conducting plane, and the total fields are evaluated approximately by
overlapping the slots fields with the fields of the conducting plane.
However, the methods described in many previous literatures mainly
deal with the slots, not the conducting plane. Chen and Jin [1] em-
ployed the MOM to solve the field in the waveguide-fed slot. Recently,
Fan and Jin [3] analyzed the scattering from a conformal slotted wave-
guide array antenna. In practice, we find that the method following
described is more applicable.

2. FORMULATIONS

The geometry of waveguide-fed slots in a conducting plane is shown in
Fig. 1.

Figure 1. Geometry of waveguide-fed slots in a conducting plane and
its coordinate system.

2.1 Scattering of Waveguide-Fed Slots

It is assumed that the slot arrays are flush-mounted on an infinite
conducting plane. In accordance with the field equivalence principle,
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the equivalent magnetic currents above and below the slot of a per-
fectly conducting surface are introduced. Because of the continuity of
the tangential electric fields across the apertures, the directions of the
equivalent magnetic currents above and below the aperture are oppo-
site. According to the MOM, for the ith slot, its equivalent magnetic
current is:

�Mi = n̂× �Es (1)

where �Es is the fields scattered by the slots.
The integral equation satisfied by the equivalent magnetic currents

is obtained as

∑
j

�H inti

(
�Mj

)
+

∑
j

�Hexti

(
�Mj

)
= �Hpriti (2)

where the subscript t denotes the tangential component. �Hpri is the
fields due to the incidence in the presence of the conducting plane
without slots. �H in, �Hex refer to the magnetic field by the internal
and external surface magnetic current, respectively.

�Hex (�r) = −jωε0

∫∫
s
G
ex (

�r,�r ′
)
· �M

(
�r ′

)
ds′ (3a)

�H in (�r) = −jωε0

∫∫
s
G
in (

�r,�r ′
)
· �M

(
�r ′

)
ds′ (3b)

where G
ex

(�r,�r ′) , and G
in

(�r,�r ′) denote the dyadic Green’s functions
of the outer and inner surfaces.

In general, the slots are so narrow for C, X, Ka. Ku bands that it
can be assumed that there is only transverse electric fields component
across the slots, and the magnetic current is only along the longitudinal
direction. Each equivalent magnetic current is expended by using the
global sinusoidal basis functions [1]

�Mj = ẑMj = ẑ

N∑
q

VqjBqj(z) (4)

Bqj(z) = sin
[qπ
L

(L + z − zj)
]

(5)
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where L is the length of the slot, zj is the center position of the jth
slot. By applying Galerkin’s procedure, the integral equations can be
converted into the matrix given by[

Y ijpq
]
× [Vqj ] = [Ipi] (6)

where

Y ijpq =
{
Y ijpq (ex) + Y ijpq (in) slots on a waveguide
Y ijpq (ex) slots on different waveguide

Y ijpq (ex) and Y ijpq (in) are the generalized admittance matrix for exter-
nal and internal of waveguides, respectively.

2.1.1 Generalized Admittance Matrix Elements for the Internal of
Waveguide

It is known that

Y ijpq (in) = −jωε0

∫∫
Si

∫∫
Sj

Ginzz
(
�r,�r ′

)
sinBpi(z) sinBqj(z′) dsds′ (7)

where Ginzz is the zz component of the dyadic Green’s function for the
waveguide

Ginzz
(
�r,�r ′

)
=

(
k2 +

∂2

∂z2

)
gzz

(
�r,�r ′

)
(8)

gzz
(
�r,�r ′

)
=
∞∑
m=0

∞∑
n=0

jεmεn
2abkmn

ejkmn|z−z
′|

· cos
mπx

a
cos

mπx′

a
cos

nπy

b
cos

nπy′

b
(9)

where εm =
{

1, m = 0
2, m �= 0 , km =

√
k2 −

(
mπ
a

)2 −
(
nπ
b

)2
, k is the free

space wave number for a waveguide with a cross section a × b . Sub-
stituting (8) and (9) into (7),
when zi > zj ,

Y ijpq (in) =
∞∑
m=0

∞∑
n=0

Bijmn
kpkq

(
k2 − k2

mn

)
exp(jkmn(zi − zj))(

k2
p − k2

mn

) (
k2
q − k2

mn

)
kmn

·
[
1− (−1)pejkmnL

] [
1− (−1)qe−jkmnL

]
(10)
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when zi < zj

Y ijpq (in) =
∞∑
m=0

∞∑
n=0

Bijmn
kpkq

(
k2 − k2

mn

)
exp(jkmn(zj − zi))(

k2
p − k2

mn

) (
k2
q − k2

mn

)
kmn

·
[
1− (−1)pe−jkmnL

] [
1− (−1)qejkmnL

]
(11)

when zi = zj

Y ijpq (in) =
∞∑
m=0

∞∑
n=0

Biimn
−jL

(
k2 − kpkq

)(
k2
q − k2

mn

) δpq

+
∞∑
m=0

∞∑
n=0

Biimn
2kpkq

(
k2 − k2

mn

)(
k2
p − k2

mn

) (
k2
q − k2

mn

)
kmn

·
{

1− ejkmnL, both p, q are even number
1 + ejkmnL, both p, q are odd number

(12)

where kp = pπ
L , kq = qπ

L , δpq =
{

1, p = q
0, p �= q

, Bijmn = jεmεnw2

2ab sin c2

·
(
mπw
2a

)
cos

(
mπxi
a

)
cos

(mπxj
a

)
, and w is the width of the slot.

2.1.2 Generalized Admittance Matrix Elements for the External of
Waveguide

Y ijpq (ex) = −jωε0

∫∫
Si

∫∫
Sj

Gexzz
(
�r,�r ′

)
sinBpi(z)·sinBqj(z′)dsds′ (13)

where Gexzz is the zz component of the dyadic Green’s function for
half free-space.

Gexzz
(
�r,�r ′

)
=

(
k2 +

∂2

∂z2

)
e−jkR

2πR
(14)

where R =
√

(x− x′)2 + (y − y′)2 is the distance between the inte-
gration point at the aperture and the observation point. We also can
obtain

Y ijpq (ex) =k2

∫∫
Si

∫∫
Sj

exp(−jkR)
2πR

sin kp

(
L

2
+ z − zi

)
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· sin kq

(
L

2
+ z′ − zj

)
dSdS′

− kpkq

∫∫
Si

∫∫
Sj

exp(−jkR)
2πR

cos kp

(
L

2
+ z − zi

)

· cos kq

(
L

2
+ z′ − zj

)
dSdS′ (15)

which can be evaluated by using Gaussian quadrature. However, when
i = j , the singularity will occur. In order to eliminate it, we can
evaluate the integration by transformation of variables

Y iipq(ex) =
1 + (−1)p+q

2π

{∫ θ0

0

∫ L
cos θ

0
+

∫ π
2

θ0

∫ w
sin θ

0

}
e−jkρF (ρ, θ)dρdθ

(16)
where

F (ρ, θ) =




2(w − ρ sin θ)
k2
p − k2

q

[
kp

(
k2 − k2

q

)
sin(kqρ cos θ)

−kq
(
k2 − k2

p

)
sin(kpρ cos θ)

]
, p �= q

(w − ρ sin θ)
[
(L− ρ cos θ)

(
k2 − k2

p

)
cos(kpρ cos θ)

+
1
kp

(
k2 + k2

p

)
sin(kpρ cos θ)

]
, p = q

(17)

2.1.3 The Elements of Excitation Vector

With the assumption that the conducting plane is infinite, the el-
ements of excitation vector can be expressed in terms of the incident
fields

Ipi =
2jkZ0wkpH

inc
z

k2
p − k2

z

sin c

(
kixw

2

)
· e−j(kixxi+kizzi)ejkizL/2

·
[
1− (−1)pe−jkizL

]
(18)

where kix, kiz are x, z component of �ki . �ki = k sin θi(cosϕiẑ +
sinϕix̂) − cos θiŷ, kix = k sin θi sinϕi, kiz = k sin θi cosϕi, H incz =
−H0(cos θi cosϕi + sinϕi) .
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2.1.4 Far Scattered Fields of Slots Array

By Eq. (3a), the far scattered fields can be expressed as

�Hs (�r) = −jωε0
exp(−jkr)

2πr

(
θ̂sθ̂s + ϕ̂sϕ̂s

)
·
M∑
i=1

∫∫
Si

�Mie
j�ks·�r ′ds′

= −jωε0
exp(−jkr)

2πr

(
θ̂sθ̂s + ϕ̂sϕ̂s

)

· ẑ
M∑
i=1

{
ej(ksxxi+kszzi)e−jkszL/2w sin c

(
ksxw

2

)

·


 N∑
p=1

Vpikp
(
1− (−1)pejkszL

)
k2
p − k2

sz





 (19)

where �ks = k sin θs(cosϕsẑ + sinϕsx̂) + cos θsŷksx = k sin θs sinϕs,
ksz = k sin θs cosϕs , and sin c(x) = sinx

x .

2.2 Far-Zone Scattered Fields From Large Conducting Plane

The effect of the conducting plane with finite size on scattering of
the antenna should be considered. By using the method of EECs, the
scattered fields is [5–6]

�ES = jk0

∫
C

[
η0I (�r) k̂S ×

(
k̂S × t̂

)
+ M (�r)

(
k̂S × t̂

)]
· exp(−jk0S)

4πS
dl

(20)
where k0 : the free space wave number, η0 : intrinsic impedance of
the medium, k̂S : unit vector in the direction of the observation point,
t̂ : unit vector along the edge, I,M : the equivalent edge currents
assumed at the edge of a planar scattering, respectively. S = |�r ′−�r| :
the distance between a point on the edge and the observation.

For diffraction points on the Keller cone, the I,M can be expressed
as

IGTD =
2jEit

k0η0 sin2 β
DGTDe +

2jH it
k0 sinβ

DGTDem ,

MGTD =
2jη0H

i
t

k0 sin2 β
DGTDm .

(21)
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Figure 2. A local coordinate system at the edge point.

Figure 3. Definition of the fictitious edge τ̂ .

DGTDe =
1
2

[
sec

(
ϕs − ϕi

2

)
− sec

(
ϕs + ϕi

2

)]
,

DGTDm = −1
2

[
sec

(
ϕs − ϕi

2

)
+ sec

(
ϕs + ϕi

2

)]
, DGTDem = 0.

(22)

where the coordinate system and symbols are shown in Fig. 2. Fur-
thermore, the modified edge is defined in Fig. 3.{

τ̂ = t̂ for points on SB/RB(
k̂s − k̂i

)
· t̂ = 0, n̂ · τ̂ = 0 for general points

(23)

For general points

τ̂ = ±
n̂×

(
k̂s − k̂i

)
∣∣∣n̂× (

k̂s − k̂i

)∣∣∣ (24)

Then, the EECs by modified edge representation and the scattering
fields are obtained as follow [5–6]:

(a) A local spherical coordinate system with the z-axis along the
fictitious edge τ̂ is considered at the edge point P .

(b) I,M are calculated for the fictitious edge τ̂ using Eq. (21).
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(c) The diffracted far fields are calculated by Eq. (20). It is noted
that the direction of EECs is taken along the original edge t̂ .

The variables of Eqs. (21) and (22) can be calculated by

Eit = �Ei · τ̂ , H it = �H i · τ̂ , β = cos−1
(
−k̂i · τ̂

)

ϕi = tan−1

(
−k̂i · x̂′

−k̂i · ŷ′

)
, ϕs = tan−1

(
k̂s · x̂′

k̂s · ŷ′

)
.

0 ≤ ϕi ≤ π, 0 ≤ ϕs ≤ 2π (25)

3. NUMERICAL RESULTS

The formulae described above have been implemented in a computer
program and a variety of numerical results are obtained to demonstrate
the effects of various factors on RCS. In this article we study mainly
on the frequency characteristics of scattering from the slot antenna.

The first case calculated is the scattering from a single slot on a
22× 7 mm waveguide. The slot is 1.5 mm wide and 15 mm long. The
RCS of this structure terminated by a perfect conductor is shown in
Fig. 4 over a large frequency range. It can be concluded that:

(a) In frequency bands between 4 and 12 GHz, the computation using
Eq. (4) needs only N = 1 , between 12 and 35 GHz, N = 3 ,
between 35 and 40 GHz, N = 5 . The higher the frequency, the
larger the number N .

(b) Corresponding to different incident and observation angle, on
some special frequency points, there are many singularities named
resonant frequencies of the antenna.

The resonant frequency is an important quantity when we consider
the scattering of the slot antenna. To further searching the factors and
the position of the resonant frequency, we calculate the scattering of
two slots on a waveguide. Fig. 5 shows the RCS of the two slots on
a waveguide with different number basis function. The incident angle
is ϑi = 45◦, ϕi = 0◦ , the observation angle is ϑs = 45◦, ϕs = 0◦ .
Fig. 6 shows the RCS of the same structure as N = 5 and at different
incident angles.

From Figs. 4–5, we may conclude that the number of basis functions
must be selected properly in order to increase the accuracy. Moreover,
from Fig. 6, one can conclude that the points of resonant frequency not
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(a) ϑi = 15◦, ϕi = 0◦, ϑs = 15◦, (b) ϑi = 45◦, ϕi = 0◦, ϑs = 45◦,

ϕs = 0◦ ϕs = 0◦

Figure 4. RCS of a slot in a waveguide terminated with a perfect
conductor.

Figure 5. RCS of two slots in a waveguide terminated with a perfect
conductor with different basis function.

only depends on the incident and observation angle, but also depends
on the number of slots. The smaller the angle between the incident
direction and the unit normal to surface of the antenna, the nearer the
positions of resonant frequencies are where the length of slot is equal
to the integral multiple of half wave length.

On the other hand, by theory and calculation, it is found that the
points of resonant frequencies are also dependent on the length of slots.
The distance of slots, the number of slots and their coupling. When
the scattering of the slot antennas is calculated, the characteristics of
frequency should be thought over.

In order to illuminate it more exactly on the center frequency of the
bands of C, X, Ku, and Ka, we calculate the RCS of the slot antenna
on the waveguide with 544 slots. The configuration of the structure is
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Figure 6. RCS of two slots in a waveguide terminated with a perfect
conductor with different incident angle.

Figure 7. Geometry of wave-guide slots antenna.

Figure 8. RCS of the slot antenna on waveguide with 544 slots.

given in Fig. 7. The RCS of this structure is displayed in Fig. 8, where
n = 5, ϑi = 45◦, ϕi = 0◦, ϑs = 45◦, and ϕs = 0◦ . Note that at these
center frequencies and the given incident angle the bistatic RCS of the
antenna may be calculated exactly.
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4. CONCLUSION

In this paper, a numerical technique for analyzing on the scattering of
the slot antennas fed by waveguides is presented. In this technique,
the MOM/EECs are employed. Numerical results in the form of the
RCS of the slot antenna over a large frequency are presented and the
resonant frequency is analyzed. By calculating, it is shown that the
method is faster and applicable, especially on back/bistatic RCS of the
slot antennas. These problems will be discussed in the following paper.
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