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ABSTRACT: Solid dielectric horn antennas have a directional radiation pattern and high gain. However, even when a solid dielectric horn
antenna is excited with the fundamental mode metallic waveguide, there is a possibility that higher order modes in the guided region
will be generated. Also, the energy can leak from the normal direction to the dielectric horn generating a leaky mode. It is one of the
reasons that higher-order guided modes and leaky modes analysis of horn becomes important. In this paper, propagation characteristics
for solid dielectric horns are derived and computed for fundamental and higher-order guided and also leaky modes in a solid dielectric
horn antenna. We have also analyzed the radiation characteristics of the leaky mode and guided mode of a solid dielectric horn. Finally,
radiation equations for a solid dielectric horn antenna that were deduced earlier by some of the authors, but omitted for brevity are given
and compared with numerical and measured results. These results have been further verified by comparing themwith the already reported
literature on guided mode radiation characteristics of the solid dielectric horn. From the plotted graphs given in the paper, we can infer
that the proposed propagation constant equations and radiation equations predict dispersion characteristics and the radiation pattern of
guided and leaky modes well, respectively.

1. INTRODUCTION

Dielectric antennas employ a system of dielectric elements
to radiate or receive electromagnetic energy, unlike dielec-

tric lens antennas, which are secondary radiators used for phase
corrections. These primary antennas can be of many shapes
like cones, cylinders, spheres, rectangular rods, circular and
rectangular horns, or any other shape [1]. Dielectric anten-
nas generally have directional radiation patterns. They can be
lighteight and have non-corrosive properties. Therefore, they
can be used in applications where plasma can interact with met-
als like plasma diagnostics to enhance the radiation characteris-
tics ofmicrowave reflector antennas, thereby reducing spillover
and providing more uniform reflector illumination [2]; as loads
for metallic horns to modify the radiation pattern; as an em-
bedded antenna in integrated circuits receiver [3]; in millime-
ter wave [4–8]; and as phased array elements [7–10]. Tapered
rods, with their large and efficient launching aperture, and solid
dielectric horns, with their large radiating aperture, have been
popular for some time [11, 12]. A solid dielectric horn antenna
is preferred over a tapered rod antenna, which has more radia-
tion leaks, and the leaks do not contribute usefully to the radi-
ation pattern. In dielectric horn antenna, the throat end prefers
E plane field taper [13] over the other types and is tightly fit-
ted into a metallic waveguide feed as shown conceptually in
Fig. 1. When a solid dielectric horn antenna is excited with
the fundamental mode metallic waveguide, there is a possibil-
ity that higher order modes in the guided region will be gen-
erated. Also, the energy can leak from the normal direction to
the dielectric horn, generating a leaky mode. Further, solid di-
electric horn antenna can work in leaky mode region by using
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a few strips on sides [14]. They are some of the reasons that
leaky mode analysis of horn becomes important. Some authors
havemodeled a solid dielectric horn antenna, including a transi-
tion for eliminating higher-order modes in solid dielectric horns
with high dielectric constant material [15]. This transition has
been fabricated. There has been very little documented litera-
ture on the comparison of analytical and simulated modal char-
acteristics of the higher-order guided modes or the propagation
and radiation characteristics of leaky modes in a solid dielec-
tric horn antenna. In this paper, we propose a detailed theory
for propagation characteristics for fundamental and higher or-
der TE to x mode and the theory for radiation of leaky modes
in a solid dielectric horn antenna (omitted earlier for brevity)
and also successfully verify them with simulated and measured
results.

FIGURE 1. Solid dielectric horn antenna with E-plane taper and ϵr =
3.4.
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2. RELATED WORK
Far-field patterns of a dielectric horn antenna for various dielec-
tric constants (ϵr1 = 2.54, 2.56 & 2.80) at 9.42GHz and their
aperture/near field distribution are studied theoretically and ex-
perimentally in [16, 17]. The approximate surface fields are
theoretically presented for the H plane sectoral dielectric horn
antenna in [18]. An analysis of the aperture field of anE-plane
sectoral solid dielectric horn antenna is described for the TE to
x mode in [19]. The radiation characteristics of guided modes
in a solid dielectric horn antenna are explored in [20]. The ra-
diation patterns of pyramidal dielectric waveguides excited by
pyramidal metallic horns are deduced and experimentally ver-
ified at 9GHz in [21] for guided modes but not leaky modes.
The radiation pattern of guided mode but not leaky modes in
an E-plane sectoral solid dielectric horn antenna has been ob-
tained in [22]. Near-field distributions of dielectric horn an-
tennas are studied theoretically and experimentally in [23] for
the dominant guided mode but not leaky mode mode. Theo-
retical analysis of propagation characteristics for higher-order
guided modes is deduced in [24] for TM to y mode. Wang et
al. [14] added tapered strip on the sides of the solid dielec-
tric horn for generating leaky waves, thus reducing return loss.
In [25], Roy et al. have worked on reducing the S11 of a metal-
lic waveguide fed solid dielectric horn by using double-sided
tapering at the horn throat.
However, until recently, as far as the authors’ knowledge,

there has not been literature on the comparison of analytical and
simulated modal characterization of the higher-order guided
modes or leaky modes and radiation characteristics of leaky
modes in a solid dielectric horn antenna as proposed earlier by
the authors in [15, 26]. These aspects are looked into in de-
tail in this paper. The radiated E-field equations for a solid
dielectric pyramidal horn, omitted earlier for brevity by some
of the authors, are proposed for guided & leaky modes, and
the results are compared with simulated and measured results.
A solid dielectric horn antenna has been fabricated in perspex
with a dielectric constant of 2.54, and its measurement results
have been compared with the proposed theory and simulation
results. Usually, the solid dielectric horn antenna is simulated
or measured, but it does not point at the exact sources of the pat-
tern in case higher-order modes or leaky modes are also getting
excited. The theory of radiation proposed in this paper will help
us deduce the sources of the pattern. It is hence a platform for
further theoretical analysis (e.g.; array environment, parametric
sweeps).
The organization of the paper is as follows. Section 3

presents the theory involved in the propagation characteristics
of a solid dielectric horn antenna. Section 4 presents radia-
tion equations, as well as its comparison with simulated results.
Section 5 presents measurement results, and the paper is con-
cluded in Section 6.

3. PROPAGATION CHARACTERISTICS
The theoretical formulation for a solid dielectric horn antenna
is similar to [15, 24] and is encapsulated as a flowchart in Fig. 2.
The boundary conditions and field variations in each region
have been described well in [27]. The solid dielectric horn is

FIGURE 2. Flow chart revealing procedure adopted to find modal char-
acteristics of solid dielectric horn antenna for TE to x mode.
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FIGURE 3. Various regions of the solid dielectric horn antenna.

FIGURE 4. Front view of horn showing various regions of the solid
dielectric horn antenna.

shown in Fig. 3 and Fig. 4 (where Region 1 is the region in-
side surfaces ABCD, FEHG, AFGD, and BEHC; Region 2 is
the region in free space and to the right of Region 1, and so on)
similar to [23, 24]. When the mode is guided, the transverse
propagation constants, kx and ky in Regions 1, 2, 3, and 4, are
real. However, forward leaky modes are complex depending
on which side they leak from and explained in [28, 29]. They
are also characterized by a negative imaginary part. Usually, it
is desired for the antenna to work in the guided mode region as
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the leaky mode region distorts the radiation pattern by leaking
from the sides. Even though an analysis for the leaky mode re-
gion has been presented here in theory, the proposed antenna
works in the guided mode region in the C-band, which is desir-
able for its radiation pattern purity. The analysis for leaky mode
region is included here to give more clarity to designers on how
they can be avoided and what type of pattern it can give rise to
if somehow the leaky mode region happens to be unavoidable.
Following the steps shown in Fig. 2, which uses the Marcatili’s
method [30], we have a set of equations for higher order guided
and leaky modes [15], well explained in [27].

kx

(a
2
+L · tanα

)
=(m− 1)π+tan−1

(√
k21−k20−k2x

kx

)
(1)

ky

(
b

2
+L · tan ξ

)
=(n− 1)π+tan−1


√
k21−k20−k2y

ky

 (2)

wherem = 1, 2, 3 . . . & n = 1, 2, 3 . . . are the order of modes;
L is the axial length; α & ξ are the semi-flare angles along X-
axis & Y -axis, respectively; a & b are the dimensions of the
waveguide along X-axis & Y -axis, respectively. These are a
set of transcendental equations that have to be solved iteratively
for roots.
From the roots of these equations for transverse propagation

constants, the axial propagation constant is found as

βz =
√
k21 − k2x − k2y (3)

This mode is TE to x mode, also known as the LSEx mode
(Longitudinal Section Electric) or the Hx mode.
For the modes that are guided, the propagation constant is

given by [31]
k0 < βz < k1 (4)

or

1 < β0 <
k1
k0

(5)

where β0 is the normalized axial propagation constant. When
the modes are not guided in the structure, they leak from the
sides and are called leaky modes. Unlike the guided modes, in
such cases, β0 is below 1. The plot of axial propagation con-
stant against frequency is called the dispersion characteristics
of a structure.
Higher values of dielectric constant lead to energy being

more confined to the core, but the return loss characteristics
are poor. For lower dielectric constant values, the return loss
improves, but the possibility of leaky waves arises. Here, in-
creasing the flare angle can lead to the waves being guided, but
then the gain variation over the bandwidth is not linear (as ex-
pected for normal horn antennas with large flare angles), and
the variation of the gain slope is large. One possible solution is
to pick a low dielectric constant value and design the horn for
a slightly lower cut-off frequency since, with frequency, the
value of β0 increases, and it can lead to the wave being guided
at the desired frequency.

The solid dielectric horn antenna at its transition region from
waveguide to the horn is a dielectric waveguide, so the same
techniques that are used to excite a dielectric waveguide can
be applied here. This excitation has two main aspects — ex-
citing the metallic waveguide and employing a proper dielec-
tric waveguide to metallic waveguide transition. The former is
popularly done by exciting a probe inserted at the center of the
broad side of the waveguide and at usually λ/4 distance from
the shorted end (metallic wall) of the waveguide to excite the
dominant TE10 mode with proper matching [32]. A dielectric
waveguide to metallic waveguide transition can be of differ-
ent types like symmetric and asymmetric kinds of E-plane,H-
plane, and pyramidal taper [13]. Of them, the symmetric kind
of E-plane taper is an optimal transition for reasons mentioned
in [13].
Plexiglass with a dielectric constant of 3.4 is used for leaky

mode analysis. Tables 1 and 2 use (1) and (2) for tabulation. In
Table 1, it is observed that the range of frequencies categorized
as Leaky Antenna mode is widened further as ϵr is lowered
and shifted to lower frequencies as the axial length is increased
(keeping the flare angles same) as shown in Tables 1 and 2,
respectively. The lower the value of the axial propagation con-
stant is, the less guided it will be.

FIGURE 5. Normalized phase constant for TEx11 mode and ϵr = 3.4.

The normalized propagation constant over frequency is ana-
lytically calculated and plotted for the proposed solid dielectric
horn antenna with a dielectric constant of 3.4 and is compared
with the simulated values. The results plotted in Fig. 5 of funda-
mental guidedmode region and leakymode region show a good
agreement between them in the guided region (β0 > 1) and not
leaky mode region as the Marcatili method [30] is used where
radiation from corners are ignored (see Fig. 4). This part is
clearer in Table 3 and Fig. 6. The real part of the normalized ax-
ial propagation constant, β0, is below 1 for frequencies less than
1.9GHz indicating leaky modes. Table 3 classifies the com-
plete dispersion curve (Fig. 5) into 4 regions [33]. In the leaky
reactivemode region, the normalized phase constant is less than
1 and less than the normalized attenuation constant, whereas, in
the leaky antenna mode region, the normalized phase constant
is less than 1 and greater than the normalized attenuation con-
stant [33]. Table 3 shows the reactive mode region in simulated
results as ’Non-available’ because the simulated results do not
show this region.
Figure 7 shows higher ordermodes generatedwith the help of

(1) and (2). Fig. 8 shows the fundamental mode generated using
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TABLE 1. Leaky antenna mode region for varying ϵr .

ϵr 2.4 3.4 4.3 10 11.9
Frequency range 0.9 to 2.3GHz 1.2 to 1.8GHz 1.1 to 1.5GHz 0.9GHz 0.8GHz

TABLE 2. Leaky antenna mode region for varying axial length.

Axial length 20mm 30mm 40mm 50mm 60mm
Frequency range 1.6 to 2.5GHz 1.3 to 2.1GHz 1.2 to 1.8GHz 0.9GHz 1.4GHz

TABLE 3. Various regions for ϵr = 3.4 and axial length = 40mm.

Region Analytical Result Simulated result
Non-physical
Leaky Mode

< 0.1GHz 0.01 to 1.46GHz

Leaky Reactive Mode 0.1 to 1.1GHz Non-available
Leaky Antenna Mode 1.2 to 1.8GHz 1.51 to 2.7GHz

Guided Mode 1.9GHz & above 2.75GHz & above

FIGURE 6. Working principle of different modes.

11
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21

31

FIGURE 7. Normalized axial propagation plot of fundamental and
higher order modes with ϵr = 2.54.

theoretical and simulated results. Fig. 9 shows the comparison
between theoretical and simulated results of higher order mode
TEx21.

FIGURE 8. Normalized axial phase constant for fundamental mode,
TEx11 with ϵr = 2.54.

FIGURE 9. Normalized axial phase constant for higher order mode,
TEx21 with ϵr = 2.54.

As shown in Fig. 10, the TE to x fundamental guided mode
has Ey and Ez components with Ex = 0. Due to the solver’s
limitations, it cannot be visualized that well in 3D.

4. RADIATION EQUATIONS OF DIELECTRIC HORN
ANTENNA
The TE10 mode in a hollow metal waveguide excites TEx11

hybrid mode as reported in [22] and is also apparent from the
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FIGURE 10. TEx11 mode in the horn.

FIGURE 11. Flow chart of steps executed to find the proposed radiation
equations.

investigation of the E field pattern of the simulated solid di-
electric horn. TEx11 hybrid mode has the field component Ex

as 0. This hybrid mode is used in Kirchhoff-Huygens formu-
lation [20] for radiation analysis. Since the horn is dielectric,
the radiated fields from all five apertures (Fig. 3) have to be
analyzed. The equation for radiated E-field from all five aper-
tures (GHCD, ABCD, FEHG, BEHC, and AFGD) is given be-
low, and the methodology adopted for deducing these equa-
tions is shown in Fig. 11. Here variations in r direction have
been omitted as it is far-field, and ϕ has been resolved into
two important components ϕ = 0 (H-plane) and ϕ = 90 (E-
plane). Thus, the equations are shown with θ variation only.
The generation of Eqs. (6)–(13) has been explained through the
flowchart in Fig. 11 where radiation of all the above-mentioned
apertures is calculated using Kirchhoff-Huygen’s formulation,
and the Field equations for TE to x mode (TEx11-fundamental
mode is considered) are substituted in places of Ex, Ey , Ez ,
Hx, Hy & Hz . Then the propagation constant (βz) found for
a particular mode (leaky, fundamental guided TEx11 (here) or

FIGURE 12. Top view of horn.

higher order TExmn) is substituted, and finally, the equations
are integrated using ϕ = 0 (H-plane) and ϕ = 90 (E-plane).
The TEx11 mode is shown in Fig. 10 where Ex = 0. The
slanted edges, of the horn, are accommodated in the vector n of
the Kirchhoff-Huygen formulation, which is implied by look-
ing at geometry as, for example, Fig. 12. Here n(ABCD) =
− cosαx0 − sinαz0 and n(FEHG) = cosαx0 − sinαz0.

FIGURE 13. E-field pattern at 1.7GHz (Leaky mode).

H-plane (ϕ = 0◦):
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2π
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FIGURE 14. Comparison of E-field pattern of antenna structure in [21] to proposed theory and simulated result.
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FIGURE 15. Fabricated antenna dimensions.
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FIGURE 16. Normalized radiated E-field pattern for ϕ = 90◦ (E-
Plane) on the left side and ϕ = 0◦ (H-Plane) on the right side at
5GHz.

FIGURE 17. Normalized radiated E-field pattern for ϕ = 90◦ (E-
Plane) on the left side and ϕ = 0◦ (H-Plane) on the right side at 6 and
7GHz.
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FIGURE 18. Fabricated antenna with tapered transition as in [15].

FIGURE 19. Return loss of fabricated antenna.
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FIGURE 20. Realized gain of fabricated antenna.

FIGURE 21. Efficiency of the fabricated antenna.

FIGURE 22. 3D plot of radiation pattern at 5GHz.

EpE(ABCD+FEHG)(θ)

=
k0
2π

(
βz sinαM15 + Z0 sinα cos θ

k21 − k2x
ωµ0

M15
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kxky
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whereM1,M2,M ′
2,M3,M ′

3,M6,M9,M10,M11,M ′
11,M12,

M ′
12, M15, M16, and M17 are given in Appendix A; Z0 is the

characteristics impedance in the free space; L is the axial length;
θ is the angle being considered.
The total E-field is given by:
H-plane (ϕ = 0◦):

EpH(θ) = EpH(GHCD)(θ) + EpH(ABCD+FEHG)(θ)

+EpH(BEHC+AFGD)(θ) (12)

E-plane (ϕ = 90◦):

EpE(θ) = EpE(GHCD)(θ) + EpE(ABCD+FEHG)(θ)

+EpE(BEHC+AFGD)(θ) (13)

Equations (6) to (13) are the final reduced form of equa-
tions, and they need Appendix A for reference to various vari-
ables. Using these equations E-field pattern for a solid dielec-
tric pyramidal horn made of Plexiglass (ϵr = 3.4) was found
and compared with simulated results in [26] as shown in Fig. 13
and Fig. 14 where the final equations were not included for
brevity. Fig. 13 shows leaky mode E-field pattern at 1.7GHz.
In Fig. 14, ‘Analytical’ is the result from the proposed theory
applied to the structure in [21]; ‘Numerical’ is the simulation
result after the structure in [21] was simulated, and ‘[21]’ is the
result presented in [21]. They show a good match which further
verifies the equations presented.

5. MEASUREMENT RESULTS
Since Plexiglass with ϵr = 3.4 was not readily available in
the locality, perspex with a dielectric constant of 2.54 is used
for testing the proposed theory as shown in Fig. 15. Using the
previouslymentioned equations, the normalizedE-field pattern
at 5GHz has been presented and set side by side with simulation
and measurement results as shown in Fig. 16 where the left side
is E-plane results, and the right side is H-plane results. The
roots, found from Marcatili’s method [30], are inserted into the
radiation equations proposed here as mentioned in Fig. 11. It
is observed in Fig. 16 that even though the sidelobe level is
not that accurate, the predicted pattern is quite accurate. The
formulated results agree fairly with the simulated and measured
results, which validate the proposed radiation equations. The
simulated and measured radiation patterns are plotted in Fig. 17
for the fabricated structure at 6 and 7GHz.
The fabricated antenna with a dielectric constant of 2.54 is

shown in Fig. 18. The measured return loss is shown in Fig. 19,
and WR187 waveguide adapter was used to excite the horn,
which worked from 3.95GHz to 5.85GHz. The simulated re-
sults did not include WR187 waveguide to coax adapter. The
fabricated antenna was measured in the Space Applications
Centre, Indian Space Research Organization test facility. The
plot shows that the antenna operates from 4.7GHz to 6.9GHz.
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The realized gain of the fabricated antenna was measured and
is shown in Fig. 20. The simulated gain was generated just with
the horn antenna and transition without the WR187 waveguide
to coax adapter. Thus, there is a significant difference between
the measured and simulated gains. Fig. 21 shows the measured
efficiency of the antenna. Fig. 22 shows the 3D plot of the ra-
diation pattern at 5GHz.
The novel transition presented by the authors in [15] works

well with ϵr = 2.54, which is expected as only above this range
of dielectric constant selection there is a higher probability of
generating higher modes [20]. Here, we have selected easily
available Perspexmaterial for manufacturing. Wewill continue
our experimentation depending on the availability of Plexiglass
of dielectric constant 3.4.

6. CONCLUSION
In plasma diagnostics and integrated circuits, solid dielectric
horn antenna is preferred since it gives higher gain than a metal
horn and without the fabrication complexity. Thus, a compre-
hensive study of propagation and radiation characteristics of
solid dielectric horn antenna becomes pertinent.
Here, we propose a theory for propagation and radiation

characteristics for leaky mode in a solid dielectric horn an-
tenna. This theory can be applied to fundamental guided and
higher-order guided modes as well. The results of equations
for propagation characteristics for guided and leaky modes of
solid dielectric horn antenna are validated by the simulation re-
sults. Further, the proposed E-field equations, omitted earlier
in [26], fairly predict the radiated fields for guided mode and
leaky antenna mode, which is corroborated further by the com-
parison with measured results. Thus, the theory of radiation
proposed can give the designer a better insight and enhance the
interpretation of the simulation results like analyzing if the pat-
tern is due to just the fundamental mode or higher-order guided
modes or leaky modes. From the plotted graphs given in this
paper, we can infer equations for propagation characteristics
and predict the dispersion relations well. Also, the proposed
radiation equations predict the radiation pattern of guided and
leaky modes well.
The solid dielectric horn antenna presented will also be fab-

ricated in Plexiglass in the future, and measurement results will
be compared to analytical and numerical results in [26].
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APPENDIX A. VARIABLES USED IN THE PAPER
M1, M2, M ′

2, M3, M ′
3, M6, M9, M10, M11, M ′

11, M12, M ′
12,

M15, M16 and M17 are the variables used in Eqs. (6) to (11)

and are given in this Appendix.
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+

K121 +K111

(k0 sin θ − ky)

)
(A13)

M16 =
j

2

( K222 −K212

(k0 sin θ + ky)
+

K211 −K221

(k0 sin θ − ky)

)
(A14)

M17 =
1

2

( K212 −K222

(k0 sin θ + ky)
+

K211 −K221

(k0 sin θ − ky)

)
(A15)

Nq
τnp = ((k0 cos θ + (−1)qk0 sin θ tan τ − βz))(

(k0 cos θ + (−1)qk0 sin θ tan τ − βz)
2

−
(
kx tanα+ (−1)n+pky tan ξ

)2 )−1

(
− j
(
sin
(
(n− 1)

π

2
+
(
kx

(a
2
+ z1 tanα

)

+(−1)n+pky

(
b

2
+z1 tan ξ

)))
exp

(
j
(
k0 cos θ

103 www.jpier.org



Menon et al.

+(−1)qk0 sin θ tan τ − βz

)
z1

)
− sin((n− 1)

π

2

+

(
kx

a

2
+ (−1)n+pky

b

2

)))

+
(kx tanα+ (−1)n+pky tan ξ)

(k0 cos θ + (−1)qk0 sin θ tan τ − βz)(
cos
(
(n−1)

π

2
−
(
kx(

a

2
+z1 tanα)+(−1)n+pky

(
b

2
+z1 tan ξ

)))
exp (j (k0cosθ+(−1)qk0 sinθ tan τ−βz) z1)

− cos
(
(n− 1)

π

2
−
(
kx

a

2
+ (−1)n+pky

b

2

))))
(A16)

Lnpq = (k0 cos θ − βz)((k0 cos θ − βz)
2

−((k0 sin θ+(−1)pkx) tanα+(−1)qky tan ξ)2)−1

(
− j
(
sin
(
(n− 1)

π

2
+

(
(k0 sin θ + (−1)pkx)

(a
2
+ z2 tanα

)
+ (−1)qky

(
b

2
+ z2 tan ξ

)))

exp(j(k0 cos θ − βz)z2)− sin
(
(n− 1)

π

2

+

(
(k0 sin θ + (−1)pkx)

a

2
+ (−1)qky

b

2

)))

+
(k0 sin θ + (−1)pkx) tanα+ (−1)qky tan ξ

k0 cos θ − βz(
cos
(
(n− 1)

π

2
−
(
(k0 sin θ + (−1)pkx)

(a
2
+ z2 tanα

)
+ (−1)qky

(
b

2
+ z2 tan ξ

)))

exp(j(k0 cos θ − βz)z2)− cos
(
(n− 1)

π

2

−
(
(k0 sin θ+(−1)pkx)

a

2
+(−1)qky

b

2

))))
(A17)

Knpq = ((k0 cos θ − βz))((k0 cos θ − βz)
2

−((k0 sin θ + (−1)qky) tan ξ + (−1)pkx tanα)2)−1

(
− j
(
sin
(
(n− 1)

π

2
+ ((k0 sin θ + (−1)qky)

(
b

2
+ z1 tan ξ

)
+ (−1)pkx

(a
2
+ z1 tanα

)))

exp(j(k0 cos θ − βz)z1)− sin
(
(n− 1)

π

2

+((k0 sin θ + (−1)qky)
b

2
+ (−1)pkx

a

2
)
))

− ((k0 sin θ + (−1)qky) tan ξ + (−1)pkx tanα)
(k0 cos θ − βz)(

cos
(
(n− 1)

π

2
− ((k0 sin θ + (−1)qky)

(
b

2
+ z1 tan ξ) + (−1)pkx(

a

2
+ z1 tanα))

)
exp(j(k0 cos θ − βz)z1)− cos

(
(n− 1)

π

2

−
(
(k0 sin θ+(−1)qky)

b

2
+(−1)pkx

a

2

))))
(A18)
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