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Abstract—The dielectric pyramid loaded and the dielectric cone
loaded diagonal horn working at 150 GHz are investigated by using
Gaussian beam mode analysis. With extremely low cross-polarized
and axially symmetrical field distribution in the horn aperture, the
calculated fundamental Gaussian mode coupling achieves about 98%.
The far field radiation patterns of the two antennas are analyzed
using fundamental Gaussian mode aperture-field distribution model
whose results agree with high-accuracy CST™™ software computations,
indicating that the dielectric loaded horns radiate fine Gaussian beams.
The dielectric loaded geometry may be used to modify the diagonal
horns with distorted beam.

1. INTRODUCTION

Dielectric-loaded horns have been shown to provide low cross-
polarization gain, low sidelobes, and symmetrical radiation due to their
hybrid mode distribution in the antenna aperture [1-4]. Thus, in quasi-
optical systems, a proper dielectric-loaded geometry will exhibit a high-
efficiency Gaussian beam performance. Diagonal horns employ two
orthogonal TE1y modes to generate Gaussian beams with relative high
fundamental Gaussian beam mode coupling (typically 84.3%) [5, 6],
and hence are attractive especially in submillimeter wave quasi-optical
systems for their convenient manufacture using split block techniques.
Because a relatively large amount of normal E-field exists in the metal
surface, the precision assurance during fabrication process is a major
factor to affect the antenna performance at submillimeter wavelengths.
Defectives such as imperfect smooth surface, poor consistency of the
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two halves, and relaxed fit tolerance for the split may cause the
distortion of the aperture field and the decrease in the fundamental
Gaussian mode coupling, resulting in high sidelobes and the asymmetry
in radiation patterns. Modifications are expected to enhance the
performance of these defective horns and could be achieved by dielectric
loading.

Dielectric-loaded horns utilize the dominant or hybrid modes
in the uniform dielectric waveguides to constitute the aperture-field
distribution attenuating radially with low cross-polarization [2,7-
9]. A dielectric-loaded diagonal horn can concentrate most of the
electromagnetic energy in the dielectric remaining minor fraction near
the metal wall, producing a Gaussian field distribution in the dielectric
cross-section [10-12]. The precision assurance problems, especially the
imperfect smooth surface, will still exist in the dielectric manufacture,
but the adverse effects are less serious than the metal diagonal horn
case for the Gaussian field distribution. This field distribution can
be used to alleviate the reduction of the fundamental Gaussian mode
coupling.

In this paper, two kinds of dielectric loaded diagonal horns are
investigated. They act as the radiators or receivers in a continuous
wave imaging system which holds the potential applications in security
check to detect the concealed objects [13-15]. The first one is the
diagonal horn with a dielectric diagonal horn inside. The “dielectric
diagonal horn” is presented by Tiwari et al. [16,17], and their
analysis on the near field and radiation pattern validates its low
cross-polarization performance. This composite structure is called the
“dielectric pyramid loaded horn” in the following content. The metal
diagonal horn acts as a tapered transition between the metal waveguide
and the dielectric diagonal horn and prevents the leaky radiation in
a single dielectric horn. The fundamental Gaussian mode coupling of
this dielectric loaded horn is analyzed numerically and the results show
that a considerably high value about 98% is achieved.

The second geometry to improve the Gaussian beam of a diagonal
horn is the dielectric cone loaded horn. Lier and Olver et al. have made
detailed analysis on the dielectric cone loaded conical horns [1,2]. The
dielectric cone supports HE{; mode which contributes to low cross-
polarization, low sidelobes, and a well qualified Gaussian beam for the
diagonal horn. The calculation of the fundamental Gaussian mode
coupling also achieves about 98%.

The far field patterns of the two dielectric loaded horns are
computed by assuming that only the fundamental 00th Gaussian beam
mode exists in the horn aperture. The results agree with CST™
software simulations very well, suggesting that the radiated beams are
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near totally responsible by the fundamental Gaussian beam mode.
This confirms the high value of the fundamental Gaussian mode
coupling.

2. GAUSSIAN MODE ANALYSIS

Under an axially symmetrical and well-collimated beam assumption,
the electric field radiated from a quasioptical radiator can be expressed
in terms of the polynomial of Gaussian-Hermite beam modes [5]:

E(z,y,2) =
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where Hy,(x) is the Hermite polynomial of order m. The beam width

(w(z)), the phase radius of curvature (R(z)), and the phase slippage
per beam mode (¢ (z)) are basic beam parameters and are given by

= wo\/1+ (2/2:)%, R(2) = 2[1 + (2¢/2)%], ®(2) = arctan(z/z2.),
and Ze = 7rw0/ A. The horn is placed along the z-axis of the Cartesian
coordinate system which is shown in Fig. 1.

For the convenience of Gaussian mode model analysis, the
aperture field E4 of a dielectric loaded diagonal horn is expected to
have its phase variation be contained in a spherical phase factor [5].

Figure 1. The coordinate system for the Gaussian beam analysis.
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With this restriction, E4 can be written as
Ea(z,y) = [f(2,9)9 + g(x,9)2] - exp [jk (2 + ¢%) /2Ra]  (2)

The phase radius of curvature at the horn aperture plane (R4)
is set to the length of the horn (I) indicated in Fig. 1 by adjusting
the value of @4, leading to real-valued amplitudes of E 4, denoted by
f(z,y) and g(x,y). Then the undetermined coefficients A,,,, and By,
in (1) are given by [5, 18]:
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The fundamental Gaussian mode coupling, representing the
fractional power in the 00th Gaussian beam mode, is formulated by

Py _ mwh | Ago?
e = P - 2 2 2 (5)
I 1@ )P +lg(e )] dedy
Aperture
The parameter w4 /a is usually chosen so that 7 is maximized:
Ina
d(wa/a) (6)

where a is the aperture radius of the antenna.

For a regular geometry such as a single metal horn or a single
dielectric antenna, the field in the aperture of the horn can be expressed
either accurately or asymptotic analytically, but the dielectric-loaded
diagonal horn complicates the guided mode analysis at the aperture.
Instead of mathematical manipulations towards the inhomogeneous
waveguide model, we extract the discrete electric field E4(x;, y;) in the
horn aperture from CST™ software results due to its accuracy and
convenience in dealing with arbitrary dielectric-loaded geometries [19].
Then numerical integrals and numerical differentials can be performed
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in (3)—(6) to obtain ng. However, according to (2), the phase variation
in the horn aperture must yield to a spherical phase factor, and
the dielectric shape or dimension will be carefully optimized with
the assistance of CST™ software to satisfy this restriction in the
following analysis. A satisfactory spherical phase front is principally
depended on the reasonable taper angle of the dielectric pyramid.
When the working frequency is changed a lot, the phase variation in
the aperture may be distorted, resulting in a failure Gaussian mode
analysis even though the radiation performances, such as gain and the
co-polarization are kept in a satisfactory level. Hence a single frequency
(150 GHz) will be discussed in the following analysis, and is sufficient
for a continuous wave imaging system.

3. DIELECTRIC PYRAMID LOADED DIAGONAL
HORN ANALYSIS

The first dielectric-loaded diagonal horn working at 150 GHz is
illustrated in Fig. 2. The aperture of the metal horn and the dielectric
insertion (Teflon, &, = 2.1, Loss tangent = 0.0004) are square, with the
optimized side length 2a = 10 mm and 2d = 7.07 mm, respectively. The
longitudinal length (1) of the two horns are coincide, and [ = 22 mm.
The metal diagonal horn is fed by a WR6 waveguide with inside
dimensions 1.6 x 0.8 mm which is matched to a rectangular dielectric
waveguide by a wedge. The rectangular dielectric waveguide is inserted
directly into the 45°-rotated dielectric diagonal horn presented by

(b)

Figure 2. The geometry of the dielectric pyramid loaded diagonal
horn. (a) Front view of the geometry with the coordinate frame
definition. (b) Side view of the dielectric pyramid with the metal
diagonal horn longitudinally cut.
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Figure 3. The electric field distribution in the aperture of a metal
diagonal horn. (a) TE], mode with electric field 7j-directed, whose
amplitude varies as cosine function with £ and keeps constant with 7.
(b) TE?0 mode with electric field £-directed, whose amplitude varies as
cosine function with 7 and keeps constant with £. (c) The superposition
of the two modes with equal amplitudes and zero phase difference.

Tiwari et al. [16,17].

The electric field distribution in the aperture of a single metal
diagonal horn consists of two orthogonal TE;y modes, that is, the
sum of TE], and TE§0 modes where the £n coordinate system is
defined in Fig. 2(a). A sketch of the two mode patterns is plotted
in Fig. 3, where the invariableness of the electric field along 7-direction
in Fig. 3(a) or along £-direction in Fig. 3(b) results in the considerable
large cross-polarized (Z-directed) field component. For an idealized
single dielectric diagonal horn, the aperture field consists chiefly of
E], and Efl modes shown in Fig. 4 [20]. The cosine variation along

both #-direction and f—direction contributes to extremely low cross-
polarization level in the dielectric aperture and to considerable minimal
amplitude at the four aperture edges.

With a well-designed transition and carefully optimized parame-
ters sketched in Fig. 2, the energy in the intrinsic modes of the metal
diagonal horn (TE}, plus TE?O) will be coupled efficiently into the

intrinsic modes of dielectric horn (E7; plus Efl) for the quite similar
distribution of the two sets of modes.

3.1. Numerical Analysis

Using CST™ software, the discrete electric field E 4 (2, y;) in the horn
aperture is extracted, containing f(z;, vi), g(zi, v;), and the phase
located at every discrete point. The polarization efficiency {, which
is calculated as the ratio of the co-polarized (y-directed) powers to
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Figure 4. The electric field distribution in the aperture of an idealized
dielectric diagonal horn. (a) Ej; mode with electric field 7)-directed,
whose amplitude varies as cosine function with both £ and 7. (b) Efl

mode with electric field é—directed, whose amplitude varies as cosine
function with both £ and 7. (¢) The superposition of the two modes
with equal amplitude and zero phase difference.
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Figure 5. The magnitude of the co-polarized and cross-polarized field
components at the aperture of the dielectric pyramid loaded horn. (a)
Co-polarized component, with good axially symmetrical performance
and fine Gaussian distribution. (b) Extremely low cross-polarized
component.

total powers (¢ = P.,/Piot), is obtained by numerical integral over the
aperture, and the result is 99% which is relatively high compared with
the single diagonal horn case (typically 90.5% [5]). The magnitudes
of co-polarized field (|f(x;, y;)|) and cross-polarized field (|g(zi, vi)l|)
in the aperture of the dielectric pyramid loaded horn are shown in
Fig. 5 by CST™ simulation. Comparing with these components in a
single diagonal horn case illustrated in Fig. 6 which is obtained by the
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Figure 6. The magnitude of the co-polarized and cross-polarized
field components at the aperture of a single diagonal horn. (a) Co-
polarized component. (b) Cross-polarized component, which is quite
large especially at the four edges.

analytical formula [5], the enhancement of co-polarization and axial
symmetry by dielectric loading scheme is evident.

The phase angle distribution in the aperture is shown in Fig. 7. It
is can be seen that most of the phase variation of the dielectric-loaded
horn is contained in a spherical phase factor in the dielectric region,
while abrupt peaks appear in the gap between the metal wall and the
dielectric edges. The cluttery distribution in the gap is due to the
different phase velocities of the two regions. However, the field in the
gap is extremely low, characterized by a maximum value of —22dB
and the average value of —42dB with respect to the amplitude at the
center of the horn aperture. It is reasonable to state that the phase
variation is contained in a spherical phase factor by ignoring the field
in the gap. In other words, the fundamental Gaussian beam mode
content 7 is principally determined by the dielectric horn aperture.
Thus, the Equations (3)—(6) can be used in 7 calculation.

Substituting the aperture field f(x;, ;) and g(x;, y;) into (3)-
(6), the fundamental Gaussian mode coupling efficiency ng for the
dielectric pyramid loaded diagonal horn is 98% for w4 /a ~ 0.5158, or
wa/d =~ 0.7285.

3.2. Idealized Dielectric Horn Modeling

To verify the correctness of the numerical analysis model mentioned
above, it is necessary to derive an approximate analytical solution to
ng. The metal diagonal horn prevents the lateral leakage radiation
from the dielectric radiator, and we notice that it has extremely



Progress In Electromagnetics Research, Vol. 114, 2011 185

Phase angle (rad)

B N N = RN
T T N

o
1

-5 x (mm)

Figure 7. The phase angle distribution in the horn aperture, which
is contained in a spherical surface in the dielectric region.

low field level outside of the dielectric region at the horn aperture
plane, so the geometry described by Fig. 2 can be viewed as a single
idealized dielectric horn with no diffractions or leakage radiations. The
hybrid mode expression in the aperture of a dielectric diagonal horn is
approximately to demonstrate f(z,y) and g(x,y) in (2)—(4).

The aperture field in the dielectric aperture is approximated by
the sum of EY; and Efl modes with equal amplitudes and zero phase
difference [16, 17, 20]:

f(ey) = (V2/2) Eycos ke (2V2/2+yv2/2) cosky (yv/2/2-2v2/2)
+(V2/2) Eocos ki (2v2/2+yv2/2) cosk, (yv/2/2 - 2v2/2)  (7a)
glw,y) = (V2/2) By cos ki (2v/2/24+yV3/2) cos ki, (yv'2/2-2v/3/2)
— (V2/2) Bocoske (av2/2+yv2/2) cosky (yv'2/2-2v2/2)  (Th)

where
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The coordinate system is defined in Fig. 1 and Fig. 2(a).

By substituting (7) into (3)—(4) and applying (5) and (6), the
fundamental beam mode coupling, ng ~ 97% is achieved for w4/a ~
0.5184, or wa/d ~ 0.7331. This analytical solution is coincident with
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the numerical result mentioned above. The numerical based Gaussian
beam mode analysis has been proven to be correct by the theoretical
analysis. Then the same numerical technique can be employed to
investigate diverse dielectric loaded quasioptical radiators with more
confidence. As an example, the Gaussian beam efficiency of a dielectric
cone loaded horn is discussed in the following.

4. DIELECTRIC CONE LOADED HORN

Figure 8 shows a dielectric cone loaded diagonal horn working at
150 GHz. The same metal diagonal horn (2¢ = 10 mm and [ = 22 mm)
and the same transition wedge are employed as the dielectric pyramid
loaded case. The diameter of the dielectric insertion (Teflon, €, = 2.1,
Loss tangent = 0.0004) at the aperture is optimized as 2r = 8 mm.The
direct combination of the dielectric waveguide with the cone results
in reflection, but will be convenient in manufacture. The HEqy
mode in the cone aperture will increase the power converted into
the fundamental Gaussian beam mode and promote the symmetry of
radiation patterns.

y

2a

(a) (b)

Figure 8. The geometry of the dielectric cone loaded diagonal horn.
(a) Front view of the geometry with the coordinate frame definition.
(b) Side view of the dielectric cone with the metal diagonal horn
longitudinally cut.

The calculated value of the polarization efficiency ¢ is 99%.
The magnitudes of co-polarized and cross-polarized aperture field
components are shown in Fig. 9, indicating a relative large co-
polarization level. The phase angle distribution is plotted in Fig. 10
and is verified to be contained in a spherical phase factor in the
dielectric cone aperture.
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Figure 9. The magnitude of co-polarized and cross-polarized field
components at the aperture of dielectric cone loaded horn. (a)
Co-polarized component, with good axially symmetrical performance
and perfect Gaussian distribution. (b) Extremely low cross-polarized
component.
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Figure 10. The phase angle distribution in the horn aperture.

Using (3)—(6) and f(w;, y;) extracted from CST™ simulation, ng
is calculated to be 98% for w4 /a ~ 0.5248, or w4 /r ~ 0.656.

5. RADIATION PATTERN PREDICTIONS WITH
FUNDAMENTAL GAUSSIAN MODE ASSUMPTION

To further verify the reasonability of the Gaussian mode analysis
results, the far field radiation patterns are calculated using
fundamental Gaussian mode assumption and are compared with
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CST™ results. The Gaussian beam mode analysis performed in
part 3 and part 4 has shown that the fundamental Gaussian beam
mode couplings of the two dielectric loaded horns are quite high. As
a consequence, the far field pattern should be predicted correctly by
assuming that only the fundamental Gaussian mode field distribution
exists in the aperture. The aperture field of the horn is thus
approximated by 00th Gaussian beam mode:

Ea(z,y) = 9E, - exp[—(ﬂ}?z) ) 2—<w?(42) ) 2] exp[—jk (2% +y?) /21] (8a)

Hy(z,y) = Y x Balz,y) ?Ezg’y)

Using the equivalence principle and theS tratton-Chu equation
based analysis, the far field antenna patterns can be evaluated by the
following integral equation [21-24]:

(8b)

E(r) = ;—Z [k*°J — (J- V')V — jueM x V] g(r,x')ds  (9a)
aper

H(r) = w—] / [E*M — (M- V')V + jweJ x V] g(r,x')ds (9b)
Eaper

where J and M are related to the fields on the aperture surface S by

J=2xHy and M = E4 x %, respectively. g(r,r’) is the green’s

function.

Figure 11 shows the normalized far field patterns of the dielectric
pyramid loaded diagonal horn calculated by the fundamental Gaussian
mode assumption (solid line) and CST™ software (dotted line).
Moreover, using Equation (9), the far field can also be predicted
by the orthogonal F;; mode distribution in the horn aperture given
by (7), which is plotted in Fig. 11 simultaneously (dashed line). The
three solutions reach a good agreement. Fig. 12 shows the radiation
pattern of the dielectric cone loaded horn calculated by fundamental
Gaussian mode assumption (solid line) and CST™ software (dotted
line). The two different calculation methods exhibit good agreement.
The fundamental Gaussian mode alone predicts the radiation field well.

From the radiation patterns, we can see that the dielectric cone
loaded horn achieves better axially symmetrical beams than the
pyramid loaded one, together with relatively low sidelobes. The field
distribution in the round aperture of the cone is easier to generate a
fine Gaussian beam.

CST™ software performs numerical solution to integral equation
according to exact antenna geometry and explains the diffraction
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Figure 11. The far field prediction of the dielectric pyramid loaded
diagonal horn at 150 GHz. (a) E-plane, (b) H-plane, and (c) D-(45°)
plane.

Table 1. The calculation of the antenna gain.

Antenna type | Fundamental mode assumption | CST™
Pyramid loaded 19.5288 dB 19.35dB
Cone loaded 19.6992dB 19.49dB

phenomena, so the fundamental Gaussian mode solution fails to predict
the raised levels when the angle off the boresight is greater than 50°
in Fig. 11(b) and is greater than 60° in Fig. 12(c).

A good agreement is also achieved for antenna gain calculation (see
Table 1). CST™ is a full-wave based software and its high accuracy
is evident, while the fundamental Gaussian mode distribution in the
aperture alone achieves relatively high accuracy, indicating the high
fundamental Gaussian beam mode coupling of the two dielectric loaded
diagonal horns.
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Figure 12. The far field prediction of the dielectric cone loaded
diagonal horn at 150 GHz. (a) E-plane, (b) H-plane, and (c¢) D-plane.

6. CROSS-POLARIZED RADIATION PATTERNS AND
INPUT REFLECTIONS

Figure 13 illustrates the cross-polarized D-plane radiation patterns
calculated by CST™ software. The solid line is the pattern of the
unloaded diagonal horn, the dashed line is that of pyramid loaded
horn, and the dotted line corresponds to the cone loaded one. The
peak cross-polar levels of the two dielectric loaded horns are lower than
—30dB, and a reduction of 17 dB in peak level can be seen comparing
with the unloaded case.

Although the Gaussian beam efficiency analysis performed in this
paper is valid only at 150 GHz, the radiation properties, especially the
cross-polar levels of the dielectric loaded horns, are satisfactory in the
entire WR6 input waveguide band. Fig. 14 plots the peak levels of
cross-polarization against frequency.



Progress In Electromagnetics Research, Vol. 114, 2011 191

04 -30
T
L u

ol " NN

-\. /V

g Y N
o) ~ 34 v / v v
= g / \v ]
3. 2 — -
> o P
o >
o Kl
8 - g 38
] @
2 0] . 2 v
Qo Unloaded diagonal hom S 4o \/v
O 0] - - - Pyramid loaded horn o .

..... Cone loaded horn —v— Pyramid loaded horn

100 42 —n— Cone loaded horn

110

-120 ¢ T T T T T T T T 1 -44 = T T T T T T T T T T T 1

0 10 20 30 40 50 60 70 80 90 115 120 125 130 135 140 145 150 155 160 165 170 175
Angle from boresight (deg) frequency (GHz)

Figure 13. The cross-polarized Figure 14. Peak levels of cross-
D-plane radiation patterns. polarization against frequency in
WR6 waveguide band.

—v— Pyramid loaded horn
8 —=n—cone loaded horn

S,, (dB)
oz
-
N
J
ﬁI
A

-30

T T T T T T T T T T T
115 120 125 130 135 140 145 150 155 160 165 170 175
frequency (GHz)

Figure 15. S values against frequency in WR6 waveguide band.

Table 2. Si; of the dielectric loaded horns at 150 GHz.

Antenna type | Diagonal horn | Pyramid loaded | Cone loaded
S11 —29.69dB —18.73dB —16.89dB

However, the main drawback of the dielectric geometries is the
increase of the input reflection due to the discontinuities and the
dielectric loss. Table 2 lists Si; of the two dielectric loaded horns
at 150 GHz, which are higher than that of the single diagonal horn.
Fig. 15 is the 571 curves for the two horns as a function of the frequency,
indicating a bad behavior of transmission in 125-135 GHz band where
the Sq11 values approach —12dB.
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7. CONCLUSION

Gaussian mode analysis is performed to study the fundamental
Gaussian mode coupling of a dielectric pyramid loaded diagonal horn
and a dielectric cone loaded diagonal horn. The considerably low cross-
polarized and axially symmetrical field distribution in the dielectric
loaded antenna aperture contributes to quite a high fundamental
Gaussian beam mode coupling. The far field analysis which assumes
that only fundamental Gaussian mode in the horn aperture achieves an
excellent agreement with the CST™ software. The dielectric pyramid
loaded horn or the dielectric cone loaded horn offers a performance
enhancement to the single diagonal horn. One of the benefits of
using dielectric loaded horns at submillimeter wavelength will be the
performance correction of antennas without extremely high precision
machining.
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