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ABSTRACT: We consider the four Stokes parameters in microwave
emission from a layered medium with the top interface being a rough
surface. The rough surface varies in one horizontal direction so that
azimuthal asymmetry exists in the 3-D problem. Dyadic Green’s func-
tions of multilayered media are used to formulate the surface integral
equations. Periodic boundary conditions are used. The numerical results
show that the presence of the layered media below the rough surface
reduces the vertical and horizontal brightness temperatures. The inter-
action between the rough surface and the layered media also enhance
the third and fourth Stokes parameters. In particular, the fourth Stokes
parameter can be large for such geometrical configurations. Results
show that the nonzero third and fourth Stokes parameters exist for
all frequencies and are particularly large when the rough surface
has large slope. © 2008 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 50: 3063–3069, 2008; Published online in Wiley Inter-
Science (www.interscience.wiley.com). DOI 10.1002/mop.23892
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surface; emissivity

1. INTRODUCTION

WindSat, launched in January 2003, was the first spaceborne
polarimetric radiometer to measure all four elements of Stokes
vector, viz., the vertical polarized brightness temperatures, the
horizontal polarized brightness temperatures, and the real and
imaginary part of the cross-correlations of the vertical and hori-
zontal polarizations [1]. It was shown by Tsang [2–4] that azi-
muthal asymmetry will create nonzero third and fourth Stokes
parameters in passive microwave remote sensing. Thus the third
and fourth Stokes parameters contain information of the azimuthal
structure. This has the distinct advantage that such azimuthal
structure is determined at a single azimuthal angle in polarimetric
passive remote sensing. Usually the third and fourth Stokes pa-
rameters are quite small in airborne and spaceborne applications.
In the past theoretical simulations of rough surface scattering, the
third Stokes parameters can be large [5–7]. All these past work on
rough surface emission have very small fourth Stokes parameter.
On the other hand, the articles by Tsang [2–4] show that volume
scattering by nonspherical scatterers can give large fourth Stokes
parameter. Measurements of the Stokes parameters over Greenland
show 10 K for the third Stokes parameter. They also show, for the
first time, as large as between �10 and 20 K for the fourth Stokes
parameter. The question is whether such large fourth Stokes pa-
rameter can be due to surface scattering and not volume scattering.
In this articler, we use numerical solution of Maxwell equations to
study the problem of polarimetric passive microwave remote sens-
ing of a random rough surface over multilayered structure. Our
results show that interaction between rough surface scattering and
reflection by layering can give large fourth Stokes parameter.

In Greenland, the wind induces azimuthal asymmetric rough
surface known as the sastrugi. The sastrugi has rms height of 8–25
cm which is several microwave wavelengths from 10 to 37 GHz.
Furthermore, the sastrugi has large slope. It is well known also that
Greenland firn and Antarctica firn have multilayering structures
that cause strong multiple reflections [8]. The multilayering struc-
tures have thicknesses of the order of several centimeters for each
layer with each layer having a different density from the adjacent
layers. Thus for the case of dry snow, microwaves can penetrate up
to several meters at 10, 19, and 37 GHz. In the past, we have used
a multilayered model to study such reflections and found signifi-
cant decrease of emissivities due to these centimeters layering [8].

In Section 2, we use the surface integral equation approach to
treat 3-D scattering, emission and absorption of a rough surface
over multilayered media. The random rough surface is assumed to
vary in only one horizontal direction so that azimuthal asymmetry
exists in the 3-D problem. Dyadic Green’s functions of multilay-
ered medium [9] are used. The periodic boundary condition [10] is
used instead of the usual tapered wave formulation. For the tapered
wave, the wave is tapered horizontally over an extent of, say 3 m,
at 10 GHz. However, surface reflections can occur as deep as 4–6
m, and such surface reflection can reach the surface outside the
tapered wave extent. To account for the deep subsurface layering
reflections, we use the periodic boundary condition which assumes
an infinite surface. For the special case when the air-snow interface
is smooth, the periodic boundary condition approach reduces to
that of the layered medium while that of tapered wave does not. In
Section 3, we give explicit expressions for the method of moment
(MoM) discretizations of the matrix equation using pulse basis
functions and point matching. In Section 4, numerical results are
illustrated for polarimetric passive microwave remote sensing. The
case of two layers and multilayers are illustrated. Results of all
four Stokes parameters are shown for sinusoidal surface and sas-
trugi-type surface. For the case of large slopes of rough surface, it
is shown that the interaction of rough surface with layering reflec-
tions can create large fourth Stokes parameter.

2. FORMULATIONS

Consider a periodic surface profile z � f(x) over layered media as
shown in Figure 1. Note that d1 ��min f(x)� so that the first
subsurface boundary will not intersect the rough surface. The
region zero above the rough surface is air. The other layers are
with permittivities of �1,�2,. . . ,�N, respectively. The incident
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Figure 1 Geometry of a periodic surface over multilayered media
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wave has a phase factor of exp(ikixx�ikiyy�ikizz) making it a
conical diffraction problem [10]. The incident electromagnetic
fields are given by

E� i � Eviv̂i � Einĥi (1a)
��i � Eviĥi � Einv̂i (1b)

where

Ein � cos�exp�ikr� � k̂i�exp� � i�� (2a)
Evi � sin�exp�ikr� � �ki� (2b)

k̂i � sin	icos
ix̂ � sin	isin
iŷ � cos	iẑ (3a)
ĥi � � sin
ix̂ � cos
iv̂ (3b)

v̂i � � cos	icos
ix̂ � cos	isin
iV̂ � sin	iẑ (3c)

The parameters � and � are used to characterize the polariza-
tions. With the incident directions given above,

kix � ksin	icos
i;kiy � ksin	isin
i;kiz � kcos	i.

The integral equations are

ŷ � E� i�r�� � �� SdS�ŷ � �� � G� (r�,r��)�n̂�	E� (r��)

�i�
ŷ�G� (r�,r��)�n̂�	H� (r��)]��ŷ�E� (r�) z�f(x)
0 z
f(x) (4a)

�� SdS�ŷ � � � �G� 1�r� ,r��� � G� 1R
�m��r� ,r���� � n̂� � E� 1�r���

� i�
ŷ.�G� 1�r� ,r��� � G� 1R
�e��r� ,r���� � n̂� � H� 1�r���]

� � 0 z � f� x�
� ŷ � E� 1�r�� z � f� x� (4b)

ŷ � H� i�r�� � �� SdS�ŷ � � � G� �r� ,r��� � n̂� � H� �r���

� i��ŷ � G� �r� ,r��� � n̂� � E� �r���] � � ŷ � H� �r�� z � f� x�
0 z � f� x� (4c)

��� � �G� 1�r� ,r��� � G� 1R
�e��r� ,r���� � n̂� � H� 1�r��� � i��1ŷ.�G� 1�r� ,r���

� G� 1R
�m��r� ,r���� � n̂� � E� 1�r���] � � 0 z � f� x�

� ŷ � H� 1�r�� z � f� x� (4d)

where G� �r�,r��� G� 1�r�,r��� are 3-D dyadic Green’s functions of homo-
geneous media, respectively, in region 0 and 1. G� 1R

�e��r�,r��� G� 1R
�m�

� �r�,r��� are respectively electric and magnetic dyadic Green’s
function response in region 1 due to reflection of layered media
below z � �d1.

We have used the symmetry relations

�G� 1R
�e/m��r��,r��� � G� 1R

�e/m��r� ,r��� (5a)

��� � G� 1R
�e/m��r��,r��� � � � G� 1R

�m/e��r� ,r��� (5b)

In (5a) and (5b), the superscript t denotes the transpose The dyadic
Green’s functions are [9]

G� �r� ,r��� �
i

8�2��dkxdky

1

k2
�ê�kz�ê�kz� � ĥ�kz�ĥ�kz��exp�ikx�x

� x�� � iky�y � y�� � ikz�z � z��� for z � z� (6a)

G� 1�r� ,r��� �
i

8�2��dkxdky

1

k1z
� ê1� � k1z�ê1� � k1z� �

ĥ1� � k1z�ĥ1� � k1z�
�exp�ikx�x

� x�� � iky�y � y�� � ik1z�z � z��� for z � z� (6b)

G� 1R
�e��r� ,r��� �

i

8�2��dkxdky

1

k1z
�RTEê1�k1z�ê1� � k1z� �

RTMĥ1�k1z�ĥ1� � k1z�
�exp�ikx�x

� x�� � iky�y � y�� � ik1z�z � z� � 2d1�� (6c)

G� 1R
�m��r� ,r���

�
i

8�2��dkxdky

1

k1z
�RTMê1�k1z�ê1� � k1z� �

RTEĥ1�k1z�ĥ1� � k1z�
�exp�ikx�x � x��

� iky�y � y�� � ik1z�z � z� � 2d1�� (6d)

where

ê1� � k1z� �
1

k�

� x̂ky � ŷkx� (7a)

ĥ1� � k1z� � �
k1z

k1k�

� x̂kx � ŷkx� �
k�

k1
ẑ (7b)

Reflection coefficients RTE and RTM of region 1 are due to
response from the multilayers regions below z � �d1.

Because of uniformity in the ŷ direction, the exp(ikiyy) depen-
dence is common and can be cancelled out from Eqs. (4a)–(4d).
Let the surface unknowns be the ŷ components of surface electric
and magnetic fields and their normal derivatives in region 1.

�1� x� � H1yw� x,z � f� x�� (8a)
�1� x� � �n̂j � �jH1yw� x,z��z�f� x� (8b)

�1� x� � E1yw� x,z � f� x�� (8c)
�1� x� � �n̂i � �iE1vw� x,z��z�f� x� (8d)

where H1 ywexp�ikiyy� � H1y E1 ywexp�ikiyy� � E1y

The surface unknowns from region 0, �(x), �(x), �(x), �(x),
have similar definitions.

The boundary conditions are that

�� x� � �1� x� (9a)

�� x� � �1� x� (9b)

�� x� �
c0

�1 � � f�� x��2

d���1� x��

dx
� c2�1� x� (9c)

��� x� � �
d0

�1 � � f�� x��2

d�1� x�

dx
� d2��1� x� (9d)

where � is wave impedance in free space, and
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c0 � d0 �
kn

k � kt
2

k1r
2 � 1� (10a)

c2 �
�1k1

2

�k1t
2 (10b)

d2 �
ki

2

k1t
2 (10c)

kjt � �kj
2 � kiy

2 j � 0,1 (10d)

After considerable simplifications, we obtain the following surface
integral equations

1

2
�� x� � ids��� x��n̂�i � ��tgp � � ʃds�gP�� x�� � Eiyw� x,z�

(11a)

� Lds��Q� 1R
�m�� x,z; x�z�� � n̂� � E� 1w� x�� � i�
P� 1R

�e�� x,z, x,z�� � n̂�

	H� 1w(x�)]�12�N(x)�iLds��p(x�)n̂�t���tg1P

� � Lds�g1P�1� x�� � 0 (11b)

1

2
�� x� � iLds��� x��n̂�i � ��tgP � � Lds�gP�� x�� � Hiyw� x,z�

(11c)

� Lds��Q� 1R
�e�� x,z; x�z�� � n̂� � H� 1w� x�� � i��1P� 1R

�m�� x,z; x�z�� � n̂�

� E� 1w� x��� �
1

2
�1� x� � iLds��1� x��n̂�i��ig1P � � Lds�g1P�1� x��

� 0 (11d)

where i denotes a principle value of integral. gp and g1p are 2-D
periodic Green’s functions, respectively, in region 0 and 1,

gjP� x,z; x�z�� �
i

2L 	
m��




exp�ikxm�x � x�� � ikjzm�z � z���

kjzm

(12)

for j � 0, 1.
The Floquet mode is governed by the relations

kxm � kix � m
2�

L
(13a)

kjzm � �ki
2 � kiy

2 � kxm
2 j � 0,1 (13b)

where L is the length of the period in the periodic boundary
condition.

In the above equation, using Poisson’s Summation,

P� 1R
�e�� x,z; x�z�� � 	

n

exp�ikixnL � ikiyy���


 dy�ŷ � G� 1R

�e�

� �r�,r���exp�ikiyy�� �

�
i

2L 	
m��




exp�ikxm�x � x�� � ik1zm�z � z� � 2d1��

k�m
2

� �Rkm

11
kxm

k1zm
� x̂kn � ŷkxm� � Rkpm

TM
kiyk1zm

k1
2 � x̂kxm � ŷkn � ẑ

k�m
2

k1zm
��

(14a)

Q� 1R
�e�� x,z; x�,z�� � 	

n

exp�ikixnL � ikiy,y���


 dy�ŷ � � � G� 1R

�e�

� �r�,r���exp�ikiyy�� �

�
1

2L 	
m���



exp�ikxm�x � x�� � ik1zm�z � z� � 2d1��

k�m
2

� �Rkpm

TMkxm� x̂kn � ŷkxm� � Rk�m

TMkxm� x̂kxm � ŷkiy � ẑ
k�m

2

k1zm
�� (14b)

where

k�m � �kxm
2 � kiy

2 (15)

Rk�m
TE and Rk�m

TM are the TE and TM reflection coefficients, respec-
tively, and are evaluated at the Floquet mode of k�m. P� 1R

�m� and Q� 1R
�m�

have expressions similar to P� 1R
�e� and Q� 1R

�e� except for the interchange
of Rk�mTE and Rk�m

TM

3. MATRIX EQUATIONS IN METHOD OF MOMENT

Next, we apply the MoM with pulse basis functions and point
matching at the center point xn of each pulse basis function.
Because the rough surface can have large slope, we discretize the
surface such that each segment has equal surface length of �l
� �xn�1 � � f��Xn��

2 so that the points are not equally spaced on
the x axis. Let N be the number of points of discretization, then we
obtain the following matrix equation of dimensions 4N 	 4N.



A� c2B� � c0C� 0�

D� � I� E� � H� F� J�

d0C� 0� A� d2B�

Y� U� D� � W� E� � Z�
�


�� 1

�� 1

��� 1

��� 1

� � 

E� iyw

0�

�H� iyw

0�
� (16)

where

Amn � �
1

2
� �xn� f�� xn�

�g�p

�X
�

�g�p

�Z �
X�0,Z�0

for m � n

�xn� f��xn�
�g

�
�

�X
�

�g
�
�

�Z � for m � n
(17)

Bmn � ���� i

4�1 � 2
i

�
log

�ki��

4e � � gp��X � 0
Z � 0�� for m � n

��gp�xm,f�xm�;xn,f�xn�� for m � n

(18)
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Cmn � gP� xm,f� xm�; xn �
�xn

2
,f� xn �

�xn

2 ��
� gP� xm,f� xm�; xn �

�xn

2
,f� xn �

�xn

2 �� (19)

Dmn � �
1

2
� �xn� f�� xn�

�g�1p

�X
�

�g�1p

�Z �
X�0,Z�0

for m � n

�xn� f��xn�
�g1p

�X
�

�g1p

�Z �for m � n

(20)

Emn

� � � ��� i

4�1 � 2
i

�
log

�k1t��

4e � � g1p��X � 0
Z � 0�� for m � n

� ��g1p�xm,f�xm,f�xm�;xn,f�xn�� for m � n

(21)

Fmnx � ik���P� 1R
�e��X,Z�� � n̂n � ŷ

�
kkiy

k1t
2 �P� 1R

�e�� xm,f� xm�, xn �
�xn

2
,f� xn �

�xn

2 ��
� P� 1R

�e�� xm,f� xm�, xn �
�xn

2
,f� xn �

�xn

2 ��� � ŷ (22)

Jmn � � ��
ik

k1t
2 Q� 1R

�m��X,Z� � ŷ (23)

Imn � ���Q� 1R
�m��X,Z�� � n̂n � ŷ � i

kiy

klt
2�Q� 1R

�m�� xm,f� xm�, xn

�
�xn

2
,f� xn �

�xn

2 �� � Q� 1R
�m�� xm,f� xm�, xn �

�xn

2
,f� xn

�
�xn

2 ��� � ŷ (24)

Hmn � � ��
k1

2

k1t
2 P� 1R

�e��X,Z� � ŷ (25)

Umn � ��
i�1k

�k1t
2 Q� 1R

�e��X,Z� � ŷ (26)

Ymn � � ik
�1

�
�517�P� 1R

�m��X,Z�� � n̂n � ŷ �
�1kkiy

�k1i
2 �P� 1R

�m�

� � xm,f� xm�, xn �
�xn

2
,f� xn �

�xn

2 �� � P� 1R
�m�� xm,f� xm�, xn

�
�xn

2
,f� xn �

�xn

2 ��� � ŷ (27)

Wmn � ���Q� 1R
�e��X,Z�� � n̂n � ŷ � i

kiy

k1t
2 �Q� 1R

�e�� xm,f� xm�, xn

�
�xn

2
,f� xn �

�xn

2 �� � Q� 1R
�e�� xm,f� xm�, xn �

�xn

2
,f� xn

�
�xn

2 ��� � ŷ (28)

Zmn � � ��
k1

2

k1t
2 P� 1R

�m��X,Z� � ŷ (29)

n̂n �
� f�� xn� x̂ � ẑ

�1 � � f�� xn��
2 (30)

g�p�X,Z� � gp�X,Z� �
i

4
H0

�1��kt�X2 � Z2� (31a)

g�1p�X,Z� � g1p�X,Z� �
i

4
H0

�1��k1t�X2 � Z2� (31b)

X � xm � xn (32a)

Z � � f� xm� � f� xn� for A� ,B� ,C� ,D� ,E�

f�xm� � f�xn� for F� ,J�,H� ,I�,U� ,Y� ,W� ,Z� (32b)

Note that g�p and g�1p are the periodic Green’s function minus the
contribution from the zeroth period so that they are not singular at
argument equal to zero. The change to f(xm) � f(xn) in
F� ,J�,H� ,I�,U� ,Y� ,W� , and Z� are because these matrix elements represent
subsurface reflections.

We used the method of Veysoglu et al. [5, 10] for fast com-
putation of the homogeneous periodic Green’s function gp and g1p.
For the layered media periodic Green’s function of the reflective
part, P� 1R

�e� Q� 1R
�e� P� 1R

�m� and Q� 1R
�m� , they are computed by using the

spectral domain representations which converge rapidly.
After the surface fields are determined, the coefficients of

reflected Floquet modes can be calculated. For the mth Floquet
mode of the scattered wave,

Exsm � �
1

2L	
n

exp� � ikxmxn � ikzmf�xn���ic2

kzm
�1n�� � c0��ln�kxm

kzm

� f��xn���xn � �1n�kxm

kzm
f��xn� � 1��xn� (33a)

�Hyxm � �
1

2L	
n

exp� � ikxmxn � ikzmf�xn���id2

kzm
��1n��

� d0�1n�kxm

kzm
� f��xn���xn � ��1n�kxm

kzm
f��xn� � 1��xn� (33b)

Given the polarization �, Evi, Ehi of the incident wave, the reflec-
tivity is

r��	i,�i� �
k

kt
2

	
m

kzm���Hysm�2 � �Eysm�2�

��Evi�2 � �Ehi�2�cos	i
(34)

where the summation in (34) over the Floquet modes is only over
the propagating waves and not the evanescent waves.

The emissivity of the � polarization is

e��	i,�i� � 1 � r��	i,�i� (35)

The absorptivity is

a��	i,�i� �

k��Im	
n

���xn��*�xn� � �2�*�xn���xn��

kt
2Lcos	i��Evi�2 � �Ehi�2�

(36)
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using the surface unknowns from region 0. Energy conservation
check is performed by verifying that r��	i,�i� � a��	i,�i� � 1.

For polarizations, let � � v,h,�45°, �45°,RC,LC be polariza-
tions of vertical, horizontal, �45° linear, �45° linear, right-hand
circular, and left-hand circular polarization, respectively. The
brightness temperatures are related to the emissivities by

T��	i,�i� � e��	i,�t�T0 (37)

where T0 is the physical temperature. The four Stokes parameters
are Th, Tv, U � T45 � T�45, and V � TLC � TRC.

4. NUMERICAL RESULTS AND DISCUSSION

We first follow reference [5], and use a sinusoidal profile f(x) � A
sin(2�x/L), with A � 0.15 m and L � 0.5 m. In Figures 2 and 3,
we show the dependence on azimuthal angle of all four Stokes
parameters, respectively, at 1 and 5 GHz for several layering
structures. The incident observation angle 	i is 20° and physical
temperature is at 300 K. For comparison, the results for the half
space (without layering) with rough surface are also shown.

Results in Figure 2 show that because of reflections with
layering, the vertical, and horizontal brightness temperatures are
less than those without layering. When permittivity in region 2 is
less than that in region 1, not only its third Stokes parameter U can

be as large as �102 K, but also that the fourth Stokes parameter V
can be up to 77 K. If �2 is larger than �1, U and V both decrease,
particularly for V, though they are still larger than those without
layers. Results show that the fourth Stokes parameter can be large
if there is a layer with permittivity smaller than that of medium 1.
This indicates that the fourth Stokes parameter can be created by
total internal reflections. Figure 3 shows the third and fourth
Stokes parameters at 5 GHz. They are still large. This means that
the nonzero third and fourth Stokes parameter exist for all fre-

Figure 2 Brightness temperatures at polar angle 	i � 20° at frequency of 1 GHz with physics temperature T0 � 300 K versus azimuthal angle. Rough surface
is with z � 15 sin(2�x/50) cm. Œ: rough surface alone; E: over a single layer with d1 � 16.8 cm and small �2; �: over a single layer with d1 � 16.8 cm and large
�2; �: over two layers with d1 � 16.8 cm, d2 � 26.8 cm and large �3; �: over two layers with d1 � 16.8 cm, d2 � 26.8 cm and small �3

Figure 3 Brightness temperatures versus azimuthal angle. 	i � 20°, freq � 5 GHz, T0 � 300 K. Rough surface is with z � 15 sin(2�x/50) cm. Œ: rough
surface alone; E: over a single layer with d1 � 16.8 cm and small �2; �: over a single layer with d1 � 16.8 cm and large �2

Figure 4 Sastrugi profile (solid line, height � 15 cm, period � 25 cm,
large slope) and sinusoidal profile (dash line, height � 15 cm, period � 75
cm, small slope) over a single layer with �d1 � �12.5 cm
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quencies because total internal reflection is an effect of geometric
optics.

A sastrugi-type surface is depicted in Figure 4. The sastrugi
surface in a period L has

f� x� � �
Asin�4�x/L� for � 5L/8 � x � � 3L/8

A for � 3L/8 � x � � L/8
� Asin�4�x/L� for � L/8 � x � L/8

� A for L/8 � x � 3L/8

(38)

The surface height is 2A � 15 cm, and the period is L � 25 cm.
We consider the case at 10 GHz, at the incident angle 	i � 55°.
The physical temperature is set at 250 K. The permittivities are set
as snow with a small imaginary part. As shown in Figure 5, for the
case without layering, the vertical and horizontal polar brightness
vary little with azimuthal angle, and the third and fourth brightness
are very small. However, if a layer with smaller permittivity �2 �
1.3 � i3.3E�4 is put below at �d1 � �12.5 cm, then U can be
as large as 24.4 K and V can be as large as �19.8 K. The vertical
and horizontal brightness temperatures can decrease.

In Figure 6, we show that the third and fourth Stokes param-

eters with the same parameters as those of Figure 5 except that the
sastrugi surface is replaced by a sinusoidal profile with small slope
that has 2A � 15 cm and period L � 75 cm. The sinusoidal profile
is also shown in Figure 4. Because of the small difference of snow
permittivities between layers, the reflection from the layer bound-
aries cannot cause large third and fourth Stokes parameters without
the large slopes in the rough surface.
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ABSTRACT: In this article, analysis of V-slot loaded patch antenna is
proposed using equivalent circuit model. Such antenna provides a wide
bandwidth which depends inversely on the base width and slot thickness.
The proposed results are compared with experimental and simulated
results which are in good agreements. Radiation pattern of the proposed
antenna is in good agreement with the simulated results. This validates
the accuracy of the proposed model. © 2008 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 50: 3069–3075, 2008; Published online in
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1. INTRODUCTION

Because of the limitation of the narrow operating bandwidth,
numerous techniques have been proposed to enhance the band-
width of microstrip patch antenna [1, 2] such as antenna loaded
with U-slot [3], utilizing the shorting pin or shorting wall [4, 5],
cutting the slot in the patch such as probe-fed U-slot patch [6]
double-C shape patch antennas [7], and E-shaped patch antenna
[8]. Further stacked patch configuration provides increased band-
width characteristics [9]. In this article, a V-slot loaded rectangular
microstrip patch antenna has been analyzed. V-slot loaded patch
provides additional parameters than a U-slot loaded patch [6]. As
this antenna has more coupled resonators, a wideband character-
istic of the antenna is obtained.

In the present analysis the antenna performance is evaluated for
different values of V-slot arm length, base width, V-arm angle, and
slot width. The entire investigations are compared with the simu-
lated and experimental results [10].

2. THEORETICAL CONSIDERATIONS

Figure 1 shows V-slot loaded patch which is coaxially fed at the
center of the patch. The theoretical analysis of the proposed
antenna is derived by considering the two slots along the radiating
edges as an inclined slot of the length “Ls” at an angle “�” and a
base slot at an angle (90°��) which is along nonradiating edge of
the patch.

An inclined slot in the patch is analyzed using the duality
relationship between the dipole and slot [11]. Considering the
coordinate of the slot (x1,y1) the longitudinal component of current
into the inclined slot is given as [12]

I� y1� � Imcos���sin�k�Ls

2
� y1��y1 � 0

� Imcos���sin�k�Ls

2
� y1��y1 � 0 (1)

where Im � maximum current in the inclined slot; Ls � length of
the slot

k �
2�

�

and � � inclination angle.
The poyinting vector associated with the inclined slot can be

written as

Pr �
1

2
�E	
H
 �

�E	�2

2�0
(2)

Figure 1 Geometry of V-slot loaded patch
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