Progress In Electromagnetics Research, PIER 83, 225-244, 2008

RECTANGULAR WAVEGUIDE-FED HEMISPHERICAL
DIELECTRIC RESONATOR ANTENNA

P. Abdulla and A. Chakrabarty

Department of Electronics and Electrical Communication Engineering
Indian Institute of Technology
Kharagpur 721302, West Bengal, India

Abstract—Hemispherical dielectric resonator (HDR) antenna excited
with a thick slot at the short circuited end of waveguide is analyzed
theoretically and verified experimentally. The problems are formulated
using the Green’s function approach; with unknown slot currents solved
using the method of moments (MOM). The HDR is modeled using
exact magnetic field Green’s function due to the equivalent magnetic
current in the slot. The field inside the waveguide is expressed in
terms of model vectors and modal functions. Thickness of the slot is
analyzed using cavity approach. For the analysis of HDR antenna part,
the modal series is represented as a sum of particular and homogeneous
solutions. The particular solution is computed efficiently using spectral
domain approach. In order to determine the effects of varying design
parameters on bandwidth and matching, sensitivity analysis is carried
out using the code developed. Measurements were carried out to verify
the theory, and reasonable agreement between them is obtained.

1. INTRODUCTION

It has been shown that dielectric resonator antennas (DRA) can be
used as effective radiators at microwave frequencies where ohmic losses
become a serious problem for conventional metallic antennas [1-4].
DRAs offer several advantages such as small size, low cost, light weight,
ease of excitation and ease of integration with active circuitry. They
offer wider bandwidth than the microstrip antennas used at the same
frequency [5-8].

Many different feeding mechanisms can be used with DRA, such
as the co-axial probe [9], direct microstrip line feed [10,11], aperture
coupled by microstripline or coplanar waveguide [12—14] and conformal
strip feed [15]. However, feed line losses of these excitation methods are
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considerable at millimeter-wave frequencies. Today, the waveguide still
plays an important role in microwave and millimeter-wave applications;
it is the basic unit of many microwave/millimeter-wave components
such as magic Tees, directional couplers, phase shifters and filters.
Since the waveguide has metallic walls, it has an excellent shielding
between the exterior and interior regions, thus avoiding radiation loss
even in the millimeter—wave band. Recently, a new and low loss
excitation scheme that employs a rectangular waveguide broad wall
slot fed is reported [16], in which analysis is given for the broad
wall slot coupled cylindrical dielectric resonator only. Moreover, the
DR is analyzed using the body of revolution, which is applicable
only for symmetrical structures. The analysis of aperture coupled
hemispherical dielectric resonator antenna (HDRA) with microstrip
as feed line has been done in [17] using modal series method, in which,
the modal series is represented as a sum of particular and homogeneous
solutions. The particular solution given is a slowly convergent series
and it takes a lot of computation time. This is because the value
of Hankel function becomes very large while their argument reduces.
It takes days together to get the result. The alternative method
of magnetic dipole suggested by the author is valid only for narrow
slots. In this paper, the particular solution, which represents the
source radiating in the unbounded dielectric medium, is obtained using
spectral domain approach [18,19]. The thick slot on the ground plane
is analyzed as a rectangular cavity. The analysis of this rectangular
cavity is done using Green’s function approach. Since the fundamental
mode, T'F111 of the DRA used is 7.15 GHz, it is excited at T FEo11
mode to resonate the DRA in the X-band [9, 12]. The fields inside the
waveguide are considered using modal vectors and modal functions.
The power coupling to DRA is computed and measured. The computed
and measured results are again compared with commercial FEM code
(Ansoft HFSS) simulating software [22]. To check the sensitivity
analysis, parametric study is carried out using the code developed.

2. FORMULATION

The geometry of the waveguide shorted end slot coupled HDRA is
shown in Fig. 1. The cross sectional and front view of Fig. 1, for
the detailed analysis is shown in Fig. 2. We assume that the ground
plane of thickness 2t on which HDRA sitting is extend to infinity in
the & and g directions. The considered slot is narrow in ¢ direction
to eliminate any possible cross-polarization, only variation along x is
considered for magnetic field, i.e., the electric field E, in the aperture
varies only in the z-direction and is non-varying in the y direction.
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Figure 1. Configuration of the waveguide fed hemispherical DRA.

Figure 2. Longitudinal cross section and front view of the proposed
structure.

At the region of the slot, the tangential component of the magnetic
fields both inside the waveguide and outside (within the DR) should
be identical. Invoking the surface equivalence principle, the slot can be
closed by a perfect electric conductor which divides the problem into
two equivalent problems: the slotted waveguide part and the DRA
placed on the infinite ground plane. By applying magnetic boundary
conditions at the apertures of waveguide and slot, and slot and DRA,

the magnetic field H (M) can be expressed as:

2H — H,'C(My) — HPH(My) + HZP (M) = 0 (1)
HJH(My) — HPP (M) = HP (M) = 0 (2)

where HY (M!) (i = 1, 2 and a = WG, SL, DRA) is the magnetic
fields due the magnetic currents at the aperture ¢, any of the two faces



228 Abdulla and Chakrabarty

of the thick slot, 1 and 2. If E?jp is the unknown coefficient for the
electric field at the aperture, then the electric field is assumed to be of
the form.

Z , —“yz ypf (3)

where, e/, (z') (p=1,2,3, ..., M) are defined by
.| pT o, Twi — Li < &' x4+ Ly
) (:[,‘/): Sll’l|:2Li (.’,17 Topi + 7,):| ) Ywi — W’L < ylgywz+Wz
0, elsewhere

(4)
For Galerkin’s procedure of method of moments, the weighing function
is same as testing and is given by

) sin[q (33 x +L):| wa_Liéngwi+Li
ey (2)= 2L, e Ywi — Wi <y < yui + Wi (5)
0, elsewhere

Hi"¢ is the x component of incident magnetic field at the aperture 1
for transmitting mode is the dominant T'E1g mode, and is given by [23]

H™ = —Yj cos <72Ta) —ipz (6)

The magnetic field scattered inside the slot region (HI*(M}),
HZF(M?2)) are determined by using cavity Green’s function of the
electric vector potential. The cavity Green’s function has been derived
by solving the Helmholtz equation for the electric vector potential for
the unit magnetic current source. The x-component of the Green’s
function is

- Z Z iz;’; i [ (a:—i—L)}sm[gLL (;17 —I—L)]cos[zw (y+W)}

m=1n=0

-1
[y sin (20,0 t)

xcos[ Y +W)}

o
{cos [T (2 = t)] cos [Copn (2" + )] 2> 2
o8 [Crn (2 — )] cos [Dopn (2 +1)] 2 < 2/

(7)

= o () () ma - {170



Progress In Electromagnetics Research, PIER 83, 2008 229

The electric vector potential F' in terms of Green’s function is given
by

r) = /Gm (r/r") M (r') dr’ (9)

The scattered magnetic field inside the cavity region (inside slot) due
to the magnetic currents can be determined from

. VV] -

X-component of the scattered magnetic fields inside the waveguide
region, due to the presence of the magnetic current at the slot aperture
is solved from Equation (10) by modal expansion approach [12] and is
given by

HYY (M) =
20 S Vi (050 ) v () o [ )
X COS { 5% (y+ b)} cos {21) (Y + b)} sinc < 5% W) F, (p) (11)

where F, (p) is

k k
Vi, =—=—; Y =—"—= 14

T and y,, are the slot off sets along x and y directions respectively.
Similarly X-component of scattered magnetic field inside the slot
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region is
St (Mz) _
]MS emenLiW; mn 2 . mm
Z mZ:an% Sghs {k —<27LQ> }sm{ftz(x%—ag)}
xcos{% (1-+2) peos { 5 o+ 00) fsine { 252 b 2 )
(-1) cos{Lmn (z —t)}cos{Tn (20 + 1)} 2> 20
% Lo sin {21t} {COS {Ton (20 — )} cos {Tpmn (z + 1)} 2 < 2o (15)

In the present problem the slot is assumed narrow, only the x-
component of the magnetic field at the slot is considered. i.e., the
x-component of electric field at the apertures are ignored. The electric
field E, in the aperture varies only in the x-direction and is non-varying
in the y direction.

2.1. Green’s Function of HDRA and Evaluation of HQ?RA

HERA is the tangential component of the magnetic field coupled to
the DRA. For the determination of magnetic field inside the DRA
due to the x directed magnetic current, M2, x component of the
Green’s function, Gﬁj is required. In the following formulation, the
fields are assumed to vary harmonically as e/ which is suppressed.
Further more r(r, 0, ¢) refers to the field point while r(r/, 0, ¢') refers
to the source point. To begin with, the image theory is employed
for determining the Green’s function of the DRA. The procedure for
deriving the various potential functions is similar to that in coaxial
probe fed hemispherical DRA [9] and is therefore not repeated here.
The z-directed magnetic current M, on the plane z = 0 is then
decomposed in to an 7 directed component M, and a ¢ directed
component Myg. The Green’s function GF 7 denotes the electric
potential due to an 7 directed magnetic point current while the Green’s
function GE» My and GAT¢ denote, respectively, the electric potential and
the magnetic potential due to a ¢ directed one. To derive the DR
Green’s function Gf/f; we define two dyadic Green’s function

Ggg = Gl i+ Gl 08 + G b (16)

Gl = Gl 22+ Gl 63 + GM¢¢f (17)
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where G]\H/[i (a = r,¢ and B = 1,0,¢) is the magnetic field Green’s
function derived from G{T fow and Gﬂ@ using Equations (6)—(26)
of Harrington [23]. The total magnetic field excited by M, is then
given by

H- / / (GTL- (M) + G- (M}2)] as (18)
So

Now extract the x-directed magnetic field H, from (18) and compare
it with the following

Hy(z,y) = // Gt (g2 y ) My (2, y )ds' (19)
So

the desired Green’s function GJ\Hj; is derived. Assuming Gpgs and Ggg
as the particular and homogeneous solutions respectively, of ij; , then,

Gy =Gps +Gus (20)

The field radiated by particular solution and homogeneous
solution are evaluated separately to enhance the computation. In this
paper, the particular solution, which represents the source radiating in
the unbounded dielectric medium, is obtained using spectral domain
approach [18]. The X-component of field radiated into unbounded
dielectric medium, due to the particular solution, G pg is derived in [10]
and therefore not explained here.

L k? — k2
Gspec = H;:MbOUded:_ MQ/ ZEP / / = 1/2 sinc (kz W)
= T

jsin(k,L) for p even
cos (k,L) for p odd

pr [, (2Lk: 2
2 pT
cos¢ oS

G = — . 1)(2 1
aS Arwpok r2p2 n:lgnn(n+ )(2n+1)

XPn(COS(¢ - ¢/))jn(kr/)jn(kr)

} eHkertkzt gl di, (21)

cos$ sing 0
. (20 +1)—(2n + 1
drwpg r3r! nZ:lg n(2n + )8¢< n+l)

XPn(COS(d) - ¢/))jn(krl)jn(kr)
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sing  cos ¢’ 0
— 2 1
R > gan(2n + )96

n= 1

X Py, (cos(¢ — qS)) (kzr)J’(kr)

we sm(bsmé’ih 2n + 1
T "n(n+1)

x P/ (cos(¢p — qb’))jn(kr')jn(kr)
k singbsingb’ih n+1 02

Cdmwpy vt "n(n+ 1) 0¢dg’
X Py (cos(6 — ¢)) I, (kr') Jh (kr) (22)
where,
g — H )Y (K0a) — Ve H (1 >“<2>’<k0a> (23)
" I (ka) HZ (k0a) — \/%J’(k:a) @ (ka)
= Y (k) HLD (k0a) = e HY (k) B (R0)

J! (ka)H. ( "(k0a) — \/Erad !, (ka) HSY (ka)

where the dash represents the derivative of the function. After
obtaining the particular and homogeneous parts separately, the
magnetic field coupled to DRA is:

H$DRA(M:§) = Gspc +/ GHS€IQ, (.ZU/) dSl (25)

slot

2.2. Evalauation Slot Electric Field

On employing the Galerkin’s procedure of testing in Equations (1) and
(2) using testing function is same as the basis as given in (5).

—([H" (M, )+HSL (Mz)]eq (2)

<[H§L (M%)] ,eq x) > = -2 <H§3"C,eé (37)> (26)
(" (M;)] g (2)) = ([HZ" (M)] €5 (2))
+ ([HZ (MD)] e () = 0 (27)

Yii Yi2) (B —2H "
- () () = (7 &



Progress In Electromagnetics Research, PIER 83, 2008 233

On multiplying the weighing function with the corresponding fields as
per the Equations (26) and (27), the elements of the moment matrix
are:

inc . T Ly qmy . L qm
<Hx ,6; ($)> = 2WL I:Sln{% + ?}SIHC {% + ?}
—sin{ T - Thaine{ T - T o)
(B¢ (Mz)], ey (x)) =
RS D72 T ) QLA LV "
Wi Lz ZEypZZ (mb)2 + (na)2 |: a €m5nY + b2 Ymn:|

nm

X cos? { Zb (Yo + b)} sinc? {Q—bm} F, (p) Fx (q) (30)

(HZ" (M), i(fc)>=

J]:JQEL V;fgw Z n;;)gmgn {kQ (;Z)z}
X cos{;b (yws—kbg)}sinc{;—;W}cos{Zb (ywo—i—bg)}sinc{;—ZZWo}

{ Frs (p) Fuo (q)} {cos {Ton (z—1t)} cos {Timn (20+1)} 2z > 20 (31)

an sin {20t} | cos{Tmm (20—1)} cos {Tpn (24+1)} 2 < 20

where ‘0’ stands for observation or field location and ‘s’ for source

location. In the above equations since both the aperture dimensions

remains same, therefore, W1 = Wy, L4 = Lo, Ly = Lo and W, = W,
The final term, i.e., on testing the field within the DRA is

([T (MQ)] () =
([Gape] s € q /// GHSe 3( )ds'ds (32)
slot  slot

The second part of integration (32) is directly computed in time
domain by quad integral in programme. The first part of (32) after
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taking the reaction;

4W?2L2 ,
<[Gspc],€2(x) = sy // (k12— )1/281n02(kyW)

—00 —00
sin? (kzL) p, q both even

s2 (kzL) p, q both odd
0 otherwise

X
pr )y 2Lk, \ > )y 2Lk, \*
2 pT 2 qm
To carry out this integral (33) in the spectral domain, we make the
following substitutions to obtain the real and imaginary parts of the

integral. The real part is obtained by evaluating the integral given by
(33) for k2 + k:; < k?,and the imaginary part by evaluating the integral

dkydk, (33)

for k2 + k:g > k2. These two regions correspond to the visible region

(radiation field) and the invisible region (evanescent field) respectively.
In the visible region, k2 + k:Z < k?

ky = ksin6cos ¢ (34)
ky = ksinfsin¢g (35)
dkydk, = k?sin 0 cos 0dOd¢ (36)
in the invisible region, k2 + k:Z < k2
k, = kcoshfcos¢ (37)
ky = kcosh@sin ¢ (38)
dkydk, = k?sinh 0 cosh 0d0de (39)

After making the substitution of the above equations, the modified
expression of (33) is:

<[Gspc] ’ 6127 (l’)> }m’sible region -

/2 21
16W?2L?
—76‘;\‘; / / (1 — sin® @ cos? ¢)sinc? (Wk sin  sin ¢)
Tl ¢=0

sin? (Lksinf cos ¢) for p, q both even
cos? (Lksinf cos¢) for p, q both odd
0 otherwise

prgr [ 2Lk sin 0 cos ¢ 1 2Lk sin 0 cos ¢
2 2 pT qm

X

sin 0dOd¢ (40)
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2
<[GSPC] ' Ep (ZC)> ‘ invisible region

oo 27
1 2L2
j% / / (1- cosh? 6 cos? ) sinc? (Wk cosh 6 sin ¢)

6=0 =0

sin? (Lk cosh @ cos ¢) for p, q both even
cos? (Lk coshf cos ¢) for p, q both odd
0 otherwise

X@ﬂ 1— 2Lk cosh 6 cos ¢ 1— 2Lk cosh 6 cos ¢
2 2 pT qm

3. EVALUATION OF REFLECTION COFFICIENT

cosh 8dfd¢

(41)

To determine the reflection coefficient, we decouple the sources, one at
—oo in the feed waveguide and the other at the window. The incident
electric field due to the T'E1g excitation at the z = 0 plane is:
» T
By = cos () 42
Y cos (o (42)
When the window aperture is shorted, the electric field is the field
reflected by the electric short circuit and is given by,
T
By = —cos () 13
Y cos (o (43)
When the generator in the feed waveguide is removed and replaced
by a perfect match, the electric field for the dominant 7' Fyy mode
scattered by the window into the waveguide is by substituting m = 1,
n = 0, at the z = 0 plane as:

Ej = iE;pVZ—bL I:COS{% (—%ﬂ +p—1)}sinc{% (% — %)}
=
—cos{g (%’J +p+ 1) }sinc{% (% + é) H cos (;F—Z) (44)



236 Abdulla and Chakrabarty

Reflection coefficient I" can then be expressed as:

El + E? WL &
_ Y Yy _ 1
I'= —(/ Eém——HﬁpE:l:Eyp

SHE R )
el ()] w

Then the coupled power
Pc/Pin=1—|T| (46)

4. COMPUTED AND MEASURED RESULTS

To implement the theory presented in this work, a general MATLAB
code was written capable of analyzing hemispherical DRA excited by
a thick slot, kept at the offset in both  and y directions. Convergence
checks for the moment method solution were performed. It was found
that convergence is very stable, and results using number of basis
function, N = 1 were very close to those using larger N. Fig. 3 shows
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Figure 3. Comparing the reflection coefficient computed for different
numbers of basis functions. Slot dimensions of WR90 waveguide are:
9.2mm x 0.3mm, thickness of slot 1.3mm, DRA of ¢, = 10 and
radius = 6.27 mm.
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Figure 4. Computed normalized admittance at the slot aperture:
dimensions of slot of WR90 waveguide are: 9.2 mm X 0.3 mm, thickness
of slot 1.3mm, DRA of ¢, = 10 and radius = 6.27 mm.
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Figure 5. Comparing, computed reflection coefficient with HFSS
simulation software: dimensions of slot of WR90 waveguide are:
7mm X 0.3mm, thickness of slot = 1.3 mm, radius of DRA = 6 mm;
e, = 10.5.

the absolute value of reflection coefficient for various number of basis
function. It is clear that the variation of the computed value from
basis function 1 to 5 is negligibly small. In this paper N = 5 is used
for all calculations. Fig. 4 shows the plot of the computed normalized
conductance and susceptance for a slot dimension of 9.2 mm x 0.3 mm
size with slot thickness 1.3mm. In all computations the ground
plane is assumed infinity in « and y direction. Fig. 5 comparing
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the computed reflection coefficient with the commercial FEM code
(Ansoft HF'SS) [22] for the slot dimensions of 7mm x 0.3 mm of 1.3 mm
thickness. The radius and permittivity of the hemispherical DRA
considered was 6 mm and 10.5 respectively.

To validate the code, an experiment was conducted, with a finite
ground plane of 1.27mm thickness, and square size of 120 mm X
120mm in which slot is milled with dimension 9.2mm x 1.0mm. A
hemispherical DRA of radius a = 6.27mm, &, = 10 and standard
WRI0 waveguide with dimensions 22.86 mm x 10.16 mm was used in
the measurements. Since the fundamental mode of the 6.27 mm radius
DRA is 7.15 GHz, it is excited at T F9s; mode in the X-band. Fig. 6
comparing the computed and measured results of power coupled with
the FEM code. The discrepancy between theory and experiment is
mainly due to the non uniform air gap between the DRA and ground
plane. It has been found in simulation that, for a 0.05mm thick
uniform air gap introduced between the slot and DRA, the resonant
frequency is shifting from 9.9 GHz to 11.1 GHz and the coupled power
is increasing from 0.3 to 0.39. After the fabrication, it is observed
that the ground plane surface was not perfectly flat, it introduced non
uniform air gap. Furthermore, the fabrication tolerances of slot have
also gives rise to mismatch between theory and experiment.

0.4

—MOM
——FEM
—e— Measured

Pc/Pin

8.5 9 9.5 10 10.5 11 1.5
Frequency in GHz

Figure 6. Comparing the measured coupled power through the slot
with MOM and HFSS Slot dimensions: 9.2mm x 1.0 mm, thickness of
slot 1.3 mm, DRA of ¢, = 10 and radius = 6.27 mm.
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5. PARAMETRIC STUDIES

There are many design parameters involved in the problem under
consideration. Since the effective permittivity seen by the slot is
not exactly known, the resonant length is not well defined. The
slot is made on a thick ground plane, the thickness and width of
slot will influence the resonant frequency and depth of return loss.
Further parameters include DRA radious and permittivity. The design
parameters can be optimized to achieve maximum coupling, large
bandwidth, dual band operation, a specific radiation pattern or a
combination of those according to the design requirements. This
section gives the observed simulation results when the parameters
discussed above are systematically varied. The simulations are carried
out using the developed code. In all the results presented below, the
WRI0 waveguide with dimensions 22.86 mm x 10.16 mm is used for
the excitation. A hemispherical DRA of radius ¢ = 6.27mm, &, = 10
is considered centered to the waveguide end and ground plane. In
the results follow, a sensitivity analysis of the power coupled versus
frequency is provided.

5.1. Varying Slot Dimensions

Viewing the thick ground plane as a secondary waveguide having
relatively small cross sectional dimensions (the dimensions of the slot)
explains readily the effect of wall thickness. Since small waveguide
dimension means high cut off frequency, the coupled power through
the slot to DRA should have been decreased as the thickness increased.
Fig. 7 shows the variation of power coupled as the thickness of slot is
varied from 0 to 1.2mm while keeping the length and width of slot
same. It is found that the matching to the DRA is improving with
shifts in frequency as the thickness is increased. This is because of the
loading effect of DRA to the slot.

In Fig. 8, the variation of power coupled is shown as the slot length,
2L, is varied from 8.0 to 8.4 mm while the width, 2W¥/, is maintained
0.5mm. All other parameters such as position of slot and thickness
of slot remain same. It is observed that, the resonance shifts up with
decreasing slot length. Similar results are shown in Fig. 9, when the slot
width, 2W is varied from 0.3 to 0.5 mm while the length is maintained
9mm. These results provide evidence that both slot length and slot
width can be used for tuning the desired resonance frequency.



240 Abdulla and Chakrabarty

Pc/Pin

8 85 9 9.5 10 10.5 1 11.5 12
Frequency in GHz

Figure 7. The effects of the slot thickness on the coupled power
through the slot with slot dimensions: 8.4mm x 0.6 mm and DRA of
e, = 10 and radius 6.27 mm.

0.4

——SL=8.0
—SL=8.2

0.35

Pc/Pin

9 9.5 10 10.5 11 11.5 12
Frequency in GHz

Figure 8. The effects of the slot length on the coupled power through
the slot with slot dimensions: 0.5 mm wide and 1.3 mm thick. DRA of
g, = 10 and radius 6.27 mm.

5.2. Varying Slot Position

The resonant frequency and power coupled both can be controlled by
giving offset to the slot along x and y-directions. While keeping DRA
at the center of the ground plane and moving the slot from center will
excite the DRA in its higher order modes. In Fig. 10, the variation of
power coupled and resonant frequency as the slot moved from center
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0.35

0.3

Frequency in GHz

Figure 9. The effects of the slot width on the coupled power through
the slot with slot dimensions: 9.0 mm long and 1.3 mm thick. DRA of
g, = 10 and radius 6.27 mm.
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X-offset = 0.2 mm
X-offset = 0.4 mm
—oe— X-offset = 0.6 mm

0.25

0.2

0.1

0.05

Frequency in GHz

Figure 10. The effects of the slot position along z-direction on the
coupled power through the slot with slot dimensions: 8.2 mm x 0.8 mm,
1.3mm thick. DRA of ¢, = 10 and radius 6.27.

to one end along z-direction, while keeping the DRA at the center
of the ground plane. It is observed that, while increasing the offset
it starts giving second resonance at lower frequency band and when
the offset is more than 0.6 mm it gives dual resonance characteristics.
Almost similar characteristic is showing when the slot is moved along
y-direction. Fig. 11 shows the effect of moving the slot along y axis by
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0.25

Y-offset = 0.4 mm
Y-offset = 0.8 mm
—o— Y-offset = 1.2 mm

0.2

0.15

Pc/Pin

0.1

0.05 4

9 9.5 10 10.5 1 115 12

Frequency in GHz

Figure 11. The effects of the slot position along y-direction on the
coupled power through the slot with slot dimensions: 8.2 mm x 0.8 mm,
1.3mm thick. DRA of &, = 10 and radius 6.27.

keeping the DRA at the center. By giving small offset either in x or
y direction, it is found that the bandwidth can be increased. This is
because both DRA resonance and slot resonance are merging together.
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