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Compact Circular Sector and Annular
Sector Dielectric Resonator Antennas

Matthew T. K. Tam and Ross D. Murclsenior Member, IEEE

Abstract—In this paper, we investigate circular sector and [
annular sector dielectric resonator antenna (DRA) geometries.
The advantage these geometries offer, compared to conventional
circular cylindrical DRA’s, are significant reductions in volume,
making them potential candidates for use in compact applications
such as mobile communication handsets. Approximate theory, —
simulation, and experimental results are provided to support our
findings. In particular, a sector DRA is demonstrated to have
75% less volume than a conventional cylindrical DRA, with the face (ID)
same resonant frequency. DRA volume minimization for compact '
antenna design is also discussed and a design is proposed and plan view side view
tested for a mobile telephone handset suitable for the DCS1800
system.
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Fig. 1. General geometry of a circular or annular sector DRA. Sector faces
(1) or (1) and inner circumference (lll) can be metallic plates or left open.

Index Terms—Dielectric resonator antennas.

simulation results are provided in Section IV. Experimental
|. INTRODUCTION results are provided in Section V and a design suitable for a

ECENTLY dielectric resonators have been demonstrat8iPPbile telephone handset is given in Section VI.
to be practical elements for antenna applications and have
several merits including high radiation efficiency, flexible feed [I. APPROXIMATE THEORY

arrangement, simple geometry, and compactness [1]-[3]. Inrpg general DRA we consider is shown in Fig. 1. It consists
this paper, we investigate circular sector and annular SeClR s circular DRA of heightd and radiusa, on a metallic
dielectric resonator antenna (DRA) geometries that are form&q)und plane, with a sector and circular core of dielectric

by removing a sector (or, equivalently, a wedge) of dielectrifaiorial removed. The sector angle is denoted ashile b is
material from a circular or annular cylinder. taken as the inner radius so that the ratio definedvby b/a

The motivation for performing this investigation is to alis petween zero and unity. The sector faces (1), (Il), and the

tempt to design DRA's that are sufficiently compact for USener circular surface (Ill) can be metallized or left open.
in wireless communication handsets. DRA’s can pOtem'aIBepending on the setting ofanda, circular(8 = 21, a = 0),
be integrated into wireless communication handsets and Cog&tored(ﬁ < 2r,a = 0), annular(8 = 2x,a > 0), and
offer several advantages over conventional exter_nal anteng@ﬁtored-annuldrﬁ < 27, > 0) DRA’s can be formed.
such as monopoles and helix. These advantages include being
less easily broken off, reduced power absorption by the head .
and less sensitivity to the geometry of the handset. Ogé Cavity Model
of the disadvantages of DRA’s for wireless communication To provide an approximate analysis of the fields inside the
handsets however is that they are not as compact as alternagiveular and annular sectored DRA and also predict its resonant
approaches such as planar inverted F antenna (PIFA) [6]-fg@duency we invoke the cavity resonator model where the
and therefore methods need to be devised to reduce the §igter surfaces of the cavity are approximated by magnetic
of the DRA. walls [1], [2]. The resulting solution for the field inside the
In this paper we demonstrate that significant reductions RRA, in terms of the TM,,,,.s mode, is
the volume of the DRA can be obtained by utilizing circular Vo
sector and annular sector DRA's. B = [Ady (k) + BY, (k)]
In Section Il we review and describe approximate theory to - [Csin(vg) + D cos(r¢)] cos(k.z) 1)
analyze the sectored and annular DRA designs. Methods for

volume minimization are discussed in Section Il while FDTEOM ® <7 < a, 0< ¢ < 4,0 < = < d wherev is a positive
real number that depends on the boundary conditions on the
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TABLE | TABLE 1l
RoOTS OF THE CHARACTERISTIC EQUATION RooTs OF THE CHARACTERISTIC EQUATION
J(Xup) = 0FORa = 0, AND (9) FOR v > 0 I XY (aX,y)p) — Ju(aXp)Y (Xup) =0

v=0|v=gf|lv=Fiv=g|v==%|v=1|v=2 v=0 |v=%|v=4|v=F|v=5|v=1|v=2

a =0, p=1]| 3.832 | 0.769 | 0.910 | 1.166 | 1.401 | 1.841 | 3.054 a=0, p=1 0.930* | 0.769 | 0.910 | 1.166 | 1.401 | 1.841 | 3.054
p=2| 7.016 | 4.225 | 4.353 | 4.604 | 4.851 | 5.331 | 6.706 p=2| 4.635*| 4.225 | 4.353 | 4.604 | 4.851 | 5.331 | 6.706

a=01, p=1| 397 | 0.771 } 0.912 | 1.167 | 1.402 | 1.841 | 3.054 a=01, p=1| 1103 | 1.171 | 1.221 | 1.352 | 1.512 | 1.879 | 3.056
p=2| 7.342 | 4.280 | 4.397 | 4.633 | 4.869 | 5.339 | 6.707 p=21| 4979 | 5.017 | 5.046 | 5.128 | 5.239 | 5.532 | 6.724

a=02 p=1]| 4336 | 0.780 | 0.920 | 1.174 | 1.408 | 1.845 | 3.055 a=02 p=1 1412 | 1.456 | 1.489 | 1.581 | 1.699 | 1.993 | 3.073
p=2| 8073 | 4493 | 4.592 | 4.794 | 5.001 | 5.423 | 6.724 p=2 5.696 | 5.718 | 5.735 | 5.783 | 5.849 | 6.033 | 6.910

a=105, p=1] 6595 | 0.881 | 1.103 | 1.292 | 1.526 | 1.955 | 3.124 a=05 p=1 2.722 | 2.738 | 2.751 | 2.786 | 2.836 | 2.973 | 3.619
p=2| 12327 | 6.354 | 6.428 | 6.573 | 6.716 | 7.001 | 7.163 p=2| 9.292 | 9.298 | 9.303 | 9.318 | 9.338 | 9.394 | 9.696

The resonant frequency of a modig,..,, is given as [1]-{2] valued. Table I lists some values &, for different nonzero
< ] real values of- in which o = 0 is for these geometries.
Frpm = 21 \/er k4 k2 Note the resonant frequency for a given DRA with radius
. . 5 a and heightd depends only onX,, through the variable
\/Xgp + [—d(Zm + 1)} (2) v. From Table | we observe that the smalteiis, the lower
Zman/er 2 X, I8, therefore providing a lower resonant frequency. To
wherec is the velocity of light in free space and the wavenunmake as small as possiblgd must be large and hence for
bers are ag, = 22k, = @mUT and X, is the root the lowest resonant frequengy= 2. Therefore, when both
satisfying the characteristic equation (see following section#ces are metallic, a thin metallic plate between faces (I) and
(1N, with length equal to the radius of the resonator placed
B. Conventional Circular DRA from the center, provides the lowest resonant frequency. The
A conventional circular DRA is formed whef = 2, corresponding mode is TM, and Xy, = 1.166. When one
face is metallic and one face is open wjth= 27, the root of

a=0 (thg face§ (1), (In), and (i) are not present) and ha essel derivative becomeX.; providing further reductions
been well investigated [1], [2]. For this geometry=n where . 1 ) .
in volume and resonant frequency. In practice, however, it is

nis an mteger,B_ =0in (1) and the characteristic equa‘tlon|mpossible to have both open and metallic wallspat 0 so
for the rootX,, in (2) is

we can only approach this mode f@rclose to2s.

J(X,,) =0. (3)
Table | lists some values of,,, in which integer values of D. Annular DRA
and« = 0 are for this geometry. When « is greater than zero and = 2# (faces (I) and
(1) not present) we form annular DRA's, also known as ring
C. Circular Sector DRA DRA's. For this geometry the-component field inside the

. , . cavity is written as (1) forr = n, wherenr is an integer.
Circular sector DRA’s are formed by setti 3 < 2 : . .
y ng< j < 2m When the inner surface (Ill) is set to be metallic we form

and « = 0 and, to our knowledge, have not been reported "~ .~ . . . .
o cylindrical ring DRA with a metal cylinder at = b and
elsewhere. Three combinations for the sector faces (I) and 3undary conditionE.|,_, = 0 [11]. The corresponding

are possible and these include both metallit; |(,—, = 0 and characteristic equation s

E.|4=3 = 0), both open&?=|,—o = 0 and §Z=[,—3 = 0, or d

one meta_llic and one open fadg|,—0 =0 and%—%m:l@ = 0. _ X)) Yo (@X,p) — T (@X,p)Yi(X,p) =0 (6)

The solution for the field when both faces are metallic, requires

D =0in (1) and and typical values for the solution df,,, are listed in Table II
L= where0 < 8 < 2r @) (integer values of are valid). Note that ag gets largerX,,,

B8’ - increases and, therefore, the resonant frequency increases. For
wheren is a nonzero positive integer to satisfy the boundagMa!l values ok, saya = 0.05 (whena is smaller thar0.05
conditions at face (I) and (II), respectively [10]. Similathe DRA will be difficult to construct with a 56 match) the
reasoning reveals that the solution when both faces are offpSel M00tX,, = 0.930 for mode TMys.
requiresC’ = 0 and (4). When face (1) is metallic and face (11) When the inner surface (lll) is set to be open we form a
is open the field satisfying the boundary conditions requiré§9 DRA and we model the inner free-space circular region

D = 0in (1) and (0 < » < b) using an eigenfunction expansion as
v= 21/3(271 - 1), where0 < 3 < 27. (5) E. = F1,(koy7)[Csin (v¢) + D cos (vg)] cos (k.z)  (7)

The characteristic equation for all three configurations avehere F' is an arbitrary constant,, is the vth-order modified
the same as in (3) except thatcan now be positive real Bessel function of the first kind. The wavenumldgy is given
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from (2) [12], [13] as TABLE Il
OpTIMAL VALUES OF @ AND d AT 1.80 GHz,¢e,, = 12, a = 0,
2 _
2 L2 + k2 m = 0 WITH ONE SECTOR FACE METALLIC AND ONE OPEN
k3 =k — <—f> =k Er (8)
c Cr mode | X,, |a(mm)|d(mm)| B8 | a/d | volume (cm?)
Matching (7) with expansion (1) across the boundary b TMg15 | 3.054 | 28.6 208 | 45°)1.375| 6711 &
and assuming a perfect magnetic wall around the outer circular Ty, | 1.841| 17.3 208 | 90°los2| 4878 D
surface atr = a, we obtain the following characteristic <N
N 25 | 1401 | 13.1 20.8 | 135°| 0.631 | 4.205
equation: s
TMy,, | 1166 | 109 | 208 | 1807|0525 | 39138 £
kora I, (arkora) [Ty (aXyp) Y (Xop) — T, (Xop) Yo (0 Xyp)] @
X T (ks TMy,; | 0910 | 85 20.8 | 270°| 0.410 | 3.575
— “Avup V(a 01’a) 3
I (@X )Y (Xop) — J(Xop) Y (aX,,)] =0, (9) TMy,s | 0769 | 7.2 | 208 | 360°|0.346 | 3.404 @

Forv = n, ¢, = 12, optimizeda/d ratio (see Section IlI-A),

andm = 0 some typical values ok, are listed in Table 1 in ; \ye eliminated using the constraint (2) and solE. =0
which integer values off and « > 0 are for this cavity. We to get the value of for minimum volume as

again note that a& increasesX,,, increases and, therefore,
the resonant frequency increases. TeX \/T X
vp _ vp

Qopt = o = .
2 fuprn 867‘ quprn

(11)
E. Annular Sector DRA

Annular sector DRA’s are formed wheh< 2 anda > 0. The corresponding value ef can be determined from (2) as
The field inside the annular sector DRA takes the most general
form as written in (1). The feasible modes are determined opt = i(2m+ 1)0.
by the value ofg3, and the boundary conditions imposed on e 4fupm
faces (I) and (Il) in the same way as described in Section 1I-C. ) o
Using this analysis the exact value of the mode parameteiEquations (11) and (12) provide the minimum volume for a
may be calculated using (4) or (5) and utilizing the appropriaférticulare, 5 and mode TM,,s and to deduce the global
characteristic equation (6) or (9) (surface (IIl) being metallic gRinimum we need to consider the effect of 4, and X,,,
open) we determing,,, and calculate the resonant frequenc§" (10) and (11). For a partlcuIaX,,.p (or que) we can
from (2). Particular values of,,, can be found in Table 1 or 11, deduce from (5) that when face (1) is metallic and face (II)

For example, consider an annular sector with0.1, =7 IS open we achieve the smallestand hence a minimum
with surfaces (1), (I1), and (111 being metallic. From (4) we find" volume. Additionally, from Tables | and Il we note the
v=n and select characteristic equation (6) whose solutions &"es witha = 0 have the lowesk,,, providing a minimum
given in Table Il fora=0.1 and nonzero integer values of Or @ from (11). Combining this geometry configuration with
The lowest resonant frequency possible is due to modg,7M the optimizeda and d from (11) and (12) provides us with-
(n must be nonzero) and corresponds to the &gt from potential global minimum designs and these are listed in

which we can calculate the resonant frequency by (2).  Table lll for various modes af = 1.80 GHz ande, = 12.
Becaused,,; is independent ofX,,, it is constant for a

particular frequency.

(12)

I1l. CoMPACT DRA DESIGNS

Using the results in Section Il we wish to determine DRAS  Minimum-Profile DRA’s
designs that are most compact in some sense for a given mode

or resonant frequencg,,..... Here we define compact as havingp V]\clcle a;re also Lptelrested n dtes%lgns that hFavelthe IO\;YIES'[
minimum volume or minimum profile. rofile for a particular resonant frequency. For low-profile

applications [14], [15], the ratia/d is much larger than unity

and we can observe from (2) that the tegh(2m + 1) will

dominateX,,, for small values ofv and p. In this situation
The volume of the DRA designs we have considered cafe resonant frequency (2) will approach the limit

be written as

A. Minimum-Volume DRA’s

B fon = 222 L) (13)
V =7a d(l o )27r (20) 4d./e

subject to the conditions imposed by (2). A necessary conditionplying thatd does not depend on the radiug16]. We can
for a minimum in the volume is when the derivativesiofvith  therefore conclude that this is a lower bound to the heifjht
respect to the independent variablesi, «, and 3 are zero. of the DRA for a given resonant frequency and material. For

For a given modeX,,,, o and 3 are intricately related by 1.8 GHz,¢, = 12, m = 0 the lower bound onf is 12 mm.
(3), (6), or (9) and, therefore, we restrict the minimization tblowever, even with a/d ratio of say3, the volume is very
whena and 3 are fixed leaving the two free variablesand large at 49 cri.
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TABLE IV 2.2 T
PERFORMANCE OF VARIOUS CIRCULAR SECTOR DRA’S AND
AN ANNULAR DRA, ¢ = d = 18 mm, As DESCRIBED IN THE TEXT. 2
THE BAnDWIDTH OF THE DRA Is DEFINED AS VSWR <2
Faces’ Theory FDTD ¥ Experiment o 181 1
o 8 | (1) (D) | semy Mode | f(eHs) BW | (GHzam®) | J(GHz) BW?* (% 1.6F i
110 |360°| nea. 185 TMys | 1.90  7.6%| 348 | 204 6.6% >
2 0 | 360° n.a. 2.63 TMays 2.804 2.1% 51.2 not measured 141
3/02[360°| na. 1.86 TMps | 1.95  84%| 334 | 208 77% 10k |
400 360°| M M | 150 TMy,| 141 27%| 258 | 146 21% : v _
500 (27°, M M | 161 TM;M 154 4.9%| 21.2 160  3.8% 11.85 1ig 1_55 é 2.05 2.1
6|0 |180°| M M | 1.8 TMy;| L79 61%| 164 | 188  6.4% Frequency (GHz)
70 90/ M M| 263 TMy | 263 131%| 122 | 278 103% g o ySWR (508) measurement results for the@6ircular sector DRA
8|0 |360°| O O | 150 TMy, n.a. n.q. n.a. listed as entry 15 in Table IV.
90 |200°00 O | 161 TMy, | 205 83%| 282 | 215  9.8%
1000 [180°| 0 O | 1.8 TM 223 106%| 205 | 2.39 94% . . . N
ulol erlo o 26; TM‘“ 200 73; 53 | 305 807“ is in entry 15, as it maintains the same mode, frequency and
. . - (4 - . . G . .
P e v B TM” *  bandwidth as that for entry 1, but only taking up 25% of the
. L .0 n.d. n.a. .
19 volume. For resonance of DCS1800 mobile telephone bands
130 [270°] M O | 1.39 TMy,;| 152 3.1%| 209 | 158  2.9% . .
E an antenna of approximately2x 2 cn? would be achievable
4]0 [180°|M O | 150 TMy,; | 1.63  46%| 150 | 1.70  5.3% L . .
’ making it a possible candidate for usage.
1500 90°|M O | 1.8 TMys | 1.94 64%| 9.1 199  6.5%

V. EXPERIMENTAL RESULTS

IV. SIMULATION RESULTS We have also obtained experimental results for most of

We confirm the predictions of the approximate theory préd€ geometries in Table IV. The circular sector DRA’s are
sented in Section Il by using simulation results from FDTSONstructed by machining “ECCOSTOCK HiK” dielectric rod

with the same setup as in [6] and [17]. For the simulations Wdth ¢ = 12 manufactured by Emerson and Cuming Inc.
utilize DRA’s with radiuse = 18 mm, heightd = 18 mm, The measurements were made using an HP8753D network
e, = 12, and a finite ground plane of 15150 mn¥. analyzer. _ _

In Table IV we provide results from 15 simulations for Good agreement with frequency and bandwidth among
various sector angled and differenta.. For each row of the the theory, simulation, and measurement for the entries 4-7
table we list the inner-to-outer radius ratig sector angle3, &re obtained while both of their sector faces are utilizing
type of boundary conditions on surface (1), (1), (metallic, vnetallic plate_s. For entries 9_—11, 13-15 the measurements
and open, O), the predicted resonant frequency, modes fr8f{€€ _WeII with their simulations for both frequency and
(2), and the corresponding resonant frequency and bandwif@ndwidth. A plot of the VSWR measurement for entry 15
from FDTD simulations. We also list a figure of mefitvhich 1S Provided in Fig. 2. In general, FDTD simulations predict
is the FDTD resonant frequency multiplied with the circulaggmaller resonant frequencies than actual measurements but

sector DRA volume (GHzm?). The smallery is the smaller differences are generally less than 10%. In addition, simulation
the DRA size for a given resonant frequency. and experimental results in entry 6 agree with the findings in

The first two entries 1 and 2 with = 2« are equivalent to [17]. o ] ,
the fundamental and the higher order modes of a conventional? limitéd experiments we have found that sectored DRA's
circular DRA. Theory and FDTD simulations both predicgenerally have different far-field patterns compared to con-

resonant frequencies close to 1.90 and 2.80 GHz. Enff§ntional circular DRA operating with the same mode. For
3 is an annular DRA with a small inner-to-outer radiu§X@mple, a sectored DRA witlf = 7 operating in mode

ratio. Cavity theory and simulation are again accurate withjp"2te has a main lobe in the boresigiaxis direction while

about 5%. For table entries 4-7, in which both faces (Iﬁr a c_onventio_nal circular DRA ‘?pe“'?‘“”g in the same mode

and (II) are metallic, good agreement between the theo fre is a null in the boresight direction.

and simulations is obtained and the percentage error is not

larger than 6%. Reductions in both volume and resonant VI. PROPOSEDPCS ANTENNA DESIGN

frequency are achieved as evidenced by a smallEor entries  Using the analysis and results presented in previous sec-

8-11, larger variations between theory and simulations ocaigns, a compact circular sector DRA is proposed for mobile

indicating the assumption of a perfect magnetic wall of theandsets for DCS1800 systems. From the specifications [18],

faces is not accurate. Entry 8 does not have any simulatithe uplink and downlink include two bands, 1710-1785 MHz

results since, in practice, it is not possible to construct tha;d 1805-1880 MHz. A single-band antenna designed for this

geometry. The final four entries are formed when one facedgstem should therefore work at center frequency 1795 MHz

a metallic while the other is open. Again simulation results fand bandwidth 170 MHz or 9.5%.

entry 12 are not included since it is impossible to construct. To find the most compact DRA in terms of volume and
One of the more significant circular sector DRA’s designgrofile we use results from Section Il and Table Ill. If we
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Fig. 5. Experimental VSWR results of the circular sector DRA shown in
Fig. 3. Broken line is the measurement taken with a hand around the ground
plane. Solid line is without hand.

front view back view

Fig. 3. Proposed 180circular sector DRA design with = 12 mm,d =
22 mm mounted on a 160 40 mn? ground plane.

\ el ) : " -150
45mm, i 165 ,gg -165

. . . . . Fig. 6. Experimental far-field results of the circular sector DRA shown in
Fig. 4 lllustration of the proposed circular sector DRA integrated into Bigs. 3 and 4 at 1.80 GHz in—y plane. Solid line represents horizontal
mobile telephone handset. polarization and broken line, vertical polarization.

select the smallest volume we arrive at the geometry in the . . . -
final entry of Table I1I, however, this has a high profilecb= I3.12 GHz. This bandwidth easily satisfies the DCS1800 system

specifications mentioned earlier. In fact, the bandwidth could

20.8 mm. If we select the lowest profile possible (Section Il . . .
B) 4 = 12 mm the overall volume is roughly 14 times th e reduced and this could be performed by increasingnd,
herefore, reducing the DRA’s overall size further.

minimum-volume geometry and is also unsuitable. ) . .
To arrive at a compromise, we have selected the forth entrYHo“Zomal @~y plane far-field measurement at 1.80 GHz is

in Table IIl and re-oriented it so the metallic plate for face (Il esentgd n Fig. 6 n whm@b s in solid line andEy in
P ._Broken line. £y radiation is directed toward the back of the
becomes the ground plane as shown in Fig. 3. The profile s : ) : L
. . handset andts is mainly at two sides. This indicates that
only 10.9 mm while the volume is only 15% larger then the ™ .~ ~
- . ; .. radiation toward the head area should be reduced.
most compact form. In addition, this form is naturally suitable
for handset design since the ground plane forms part of the
circuit board of the telephone and, therefore. the antenna can
be integrated into the handset as shown in Fig. 4. We have investigated using theory, simulations, and ex-
Since the approximate theory generally predicts smaller rgsgeriments, various circular sector and annular sector DRA's.
onant frequencies compared to the experiments (see Table W)circular sector DRA design with sector angle °9®ne
the actual dimensions of the antenna design is adjusted=o metallic, and one open sector face provides the largest volume
12 mm andd = 22 mm. The VSWR measurement of thigeduction for a given resonant frequency. It occupies 75%
antenna is shown in Fig. 5 with and without a hand arouréss volume than a conventional cylindrical DRA. Volume
the ground plane. With VSWR:2, the impedance bandwidth minimization for compact sector DRA design at different

is from 1.68 to 2.30 GHz, while VSWR 1.5 it is from 1.71 to operating modes is also discussed. Using this result, a compact

VIl. CONCLUSION
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(in both volume and profile) 180circular sector DRA with [16] K. W. Leung and K. M. Luk, “Circular dielectric antenna of high di-

a =12 mm.d = 22 mm is designed and proposed for a  electric constant for low profile applications,” &th Int. Conf. Antennas
i | P’1 h . | the i and Propagation 1995, vol. 1, pp. 517-519.
mobile telephone handset. Experiments reveal the impedapgg m. 1. K. Tam and R. D. Murch, “Half volume dielectric resonator

bandwidth is 1.68-2.30 GHz (VSWR:2) easily meeting antenna designsElectron. Lett, vol. 33, no. 23, pp. 1914-1916, 1997.

the DCS1800 system specifications and radiation is redude@ M- Mouly and M. B. Pautet, "The GSM system for mobile communi-
cations,” France p. 217, 1992.

toward the head area.
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