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Abstract—A two-slot array antenna on a concentric sectoral
cylindrical cavity excited by a coupling slot is investigated. The
electromagnetic fields and () factors for the first few modes of a
concentric sectoral cylindrical cavity are presented. It shows that the
appropriate mode for a slot array antenna on a concentric sectoral
cylindrical cavity is the TM;19 mode. The correlations between each
mode distribution and the magnetic field distributions inside the cavity
are presented. The antenna design and the parametric study of a
two-slot array antenna on a concentric sectoral cylindrical cavity for
a single sector are illustrated. Simulated results are validated by
measurements. The results provide useful information for the design
of a switched-beam slot array antenna on the concentric sectoral
cylindrical cavities.
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1. INTRODUCTION

Slot array antennas have been widely used for many applications due
to its conformal nature, compact structure, high power handing, and
high efficiency. Many researches on slot antennas have been extensively
studied on different structures such as rectangular waveguides [1—
7], spheroids [8], infinitely long cylinders [9-11], circular cylindrical
cavities [12] and coaxial cables [13-17]. Slot antennas on sectoral
cylindrical waveguides have been studied in [18-22]. An impedance
characteristic of a sectoral cylindrical cavity-backed slot antenna
excited by a probe was presented by [23,24]. To the best of our
knowledge, a concentric sectoral cylindrical cavity-backed slot array
antenna excited by a coupling slot has not been analyzed.

This paper focuses on a two-slot array antenna on a concentric
sectoral cylindrical cavity excited by a coupling slot. All slots are
circumferentially oriented. The antenna is intended for using in a
wireless sensor network. A switched-beam antenna, compositing of
several antennas covering different sensing areas, is desirable for a
master node. The operating frequency of 5.8 GHz ISM band is used
for the sensor-size minimization. The goal of this paper is to study the
magnetic field distributions inside the slotted cavity and the effects
on the antenna characteristics. The magnetic fields for the first few
modes inside the cavity with the sectoral angle of 60 degrees are
presented. The dimensions of the cross section of the cavity are
obtained by considering the solutions for a coaxial cylindrical cavity
given in [25,26] and a circular sectoral waveguide given by [20]. The
relations between the outer radius (in terms of wavelength) and the
ratio of the inner to outer radii are illustrated. The results show the
effects of these parameters on the TM719 mode which is easily excited
by a coupling slot and provide a uniformly distributed magnetic field
on the outer metal wall. @ factors are obtained from the losses of
metal wall by using the surface impedance method [25-27]. The Q
factor is used to set the optimum dimensions of the cavity. The
relations between the ratio of the inner to outer radii and the @
factor are illustrated for TMj;; modes. The correlations between
each mode distribution and the magnetic field distributions inside the
cavity are presented. Computer Simulation Technology (CST) was
used as a simulation tool to obtain the antenna characteristics. The
radiation pattern, magnetic field distribution and magnitude of Siy
are investigated in the terms of the length of the cavity. The location
of the coupling slot is considered to find the appropriate antenna
characteristics. The prototyped antenna was fabricated and measured
to verify the simulated results. The results provide useful information
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for the design of a switched-beam slot array antenna on the concentric
sectoral cylindrical cavities.

2. CONCENTRIC SECTORAL CYLINDRICAL CAVITY

2.1. Electromagnetic Solutions for a Concentric Sectoral
Cylindrical Cavity

The geometry of a concentric sectoral cylindrical cavity is shown in
Fig. 1. The inner and outer radii of the cavity are denoted by 7,
and 7y, respectively. The cavity is enclosed by conducting surfaces
at the angles of ¢ = ¢1 and ¢ = —¢1. The height of the cavity is
denoted by [g where the bottom and top of the cavity are at z = 0
and z = [, respectively. The cavity is filled with a dielectric medium
with the permittivity of € and permeability of u. The electric field, E,
and magnetic field, H, in the cavity can be derived from the magnetic
vector potential, A, and the electric vector potential, F as [27]

1 1

E(r) = jwuev xV xA(r) — EV x F(r) (1)
1 1

H(r) = jwugv xVxF(r)+ ;V x A(r) (2)

These electromagnetic fields can be decomposed into two separated
modes: TE and TM modes. For TE modes, A vanishes and only the
z-component of F exists. For TM modes, F vanishes and only the
z-component of A exists. The expressions for the fields of a concentric
sectoral cylindrical cavity are obtained by modifying the solutions of a
coaxial cylindrical cavity and a circular sectoral waveguide.

Figure 1. Geometry of a concentric sectoral cylindrical cavity.
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The expressions for the fields of TE modes are written as

F = A,,Brr(p) cos(me)sin(fz)a, (3)
By = A2 sinins — 61)) sn ) @
£y = 4 2 cosim(s — 1)) sin(2) %)
E, =0 (6)

= AP cos(m (6 — 1)) cos(52) g

_ mpBBrE(p) .
o = =A™ in(m (6 = 1)) cos(52) (3)

. = A ") costms 1)) (9)

where subscripts p, ¢, and z denote the radial, circumferential, and
axial components of the fields and the A, values are the amplitudes
of the modes associated with subscripts p =0,1,2,..., n=1,2,3,...
and m = pr/2¢1. The function Brg (p) and its derivative Blyg (p) are
defined as

Bre(p) = Nm <$}n£> MJ <x;/zmﬁ> (10)

Ta - J;n('m;m) "
xln 1Y N;n(x,n) 1Y
Brele) = 22 [N (a2 ) = e (a2 )] )

where 7, is a root of

T (@) Nin (TpnT6/Ta) = N () T (2 75/7a) = 0 (12)

and Jy,, J), and N,,, N], are Bessel functions and their derivatives of
order m of the first and second kinds, respectively.
The expressions for the fields of TM modes are written as

A = ByuBrsi(p) sin(im(@ — én)) cos(52)a (13)
E, = —Bpnﬁ%ﬁip) sin(m(¢ — ¢1)) sin((5z) (14)
By = BP0 oo - gysn(z)  (15)

JWHEP
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k2Bm(p) .
Ez = an Sln<m(¢ - ¢1)) COS(/BZ) (16)
_ p mBru(p)
Hpy = BpnT cos(m(¢ — ¢1)) cos(Bz) (17)
B/

H, = —By, Tl;f(p) sin(m(¢ — ¢1)) cos(5z) (18)
H,=0 (19)
where the B, values are the amplitudes of the modes associated with
subscripts p = 1,2,3,..., n = 1,2,3,... and m = pn/2¢;. The

function Bty (p) and its derivative Bl (p) are defined as

P N (2 pn) P

B =N, n— | — ——Jm n— 20
TM(:O) (xp Ta) Jm(xpn) Lp a ( )

Bp) = 22 N (5 2 ) = g (a2 )

a Ta m(xpn) Ta
where x, is a root of
I (Zpn) Non (2 pnrb/7a) — Non(2pn) I (2pnry/7a) = 0. (22)

The relation between k, k., and 3 is given by k% = k2 + 3% where
k = w,/pe = 2w/ is a wavenumber in the dielectric-filled medium and

qr q=1,2,3.... for TE;,  modes
=, 23
b Ir qg=0,1,2.... for TMfmq modes (23)

where k. = %” for TE},, modes and k. = % for TM7,, modes.
Equations (12) and (22) show that the roots zj,, and x,, are

functions of the ratio of the inner to outer radii, r,/r,. To obtain
k. for each mode, the ratio r,/r, and one of two radii must be given.
The quality factor or the @ factor is given by

(24)

where W is the energy stored in the cavity, Py is the losses of the metal
walls, and f,. is the resonant frequency. Their expressions are given as

W= §/|E|2dv (25)
Vol
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P, = %}[\an x H|? ds (26)
S

1 qm 2
fr = 27[_\/'u—5 (kc)2+ <E> (27)

where [ denotes the volume integration over the cavity, § denotes
Vol S
the surface integration over the surface of the cavity, a, is a unit

vector pointing outward from the surface of the cavity, and the surface
impedance at the resonant frequency is given by Rs = /7 fr-u/o.
It can be derived from Eqs. (24)-(26) that the @ factor is inversely
proportional to v/f, when the electrical dimensions are fixed. In this
paper, copper with the conductivity of o = 5.84 x 107 S/m is used as
the metal wall and the cavity is filled with free space.

2.2. Magnetic Field Distribution inside a Concentric
Sectoral Cylindrical Cavity

The magnetic field distributions inside a concentric sectoral cylindrical
cavity for individual mode are obtained from Egs. (7)—(9) and
Egs. (17)—(19) for the TE and TM modes, respectively. The sectoral
angle of 60 degrees (¢; is equal to 30 degrees) is chosen such each
antenna covers one of the six regions which the omnidirectional pattern
is equally divided. Fig. 2 shows the geometry of zy-plane, xz-plane, and
yz-plane that will be used to refer the magnetic field distribution. The
magnetic field distributions inside the cavity for the first few modes
are plotted, as shown in Figs. 3-5. It is observed that the TMjjg
mode (dominant mode of TM mode) provides a uniform distribution
of magnetic field on the curved metal wall and the magnetic field is
aligned in ¢ direction. The appropriate mode for a circumferential slot
array antenna is the TMy19 mode. The TE;1, modes can be excited

Ty T2 N2

(a) (b) (©

Figure 2. Principal planes for consideration of magnetic field
distribution: (a) zy-plane, (b) zz-plane, (c) yz-plane.
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when the coupling slot is located at the strong magnetic field position,
but do not provide a uniform distribution of magnetic field on the
curved metal wall. The TEg;, modes cannot be excited by the coupling
slot because the magnetic field is aligned in the z direction. Therefore,
the distribution of magnetic field of the TMj19 mode can be easily
excited by a coupling slot.

TE 1, TEoi4 T™ 1,

TE 14

TE113

Figure 4. Magnetic field inside the cavity in the xz-plane.

TE 13 TE 14 TMi1o

Figure 5. Magnetic field inside the cavity in the yz-plane.
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Figure 6. Mode loci for the TE and TM modes: (a) TM, (b) TE.

2.3. Effects of Dimensions of the Cross Section on Dominant
Modes and Q Factors

This section discusses the effects of the dimensions of the cross section
of the cavity on dominant modes using mode loci. The mode locus
of each mode is the relation between r,/\ and r,/ry for which k is
equal to k. for the specific mode. These relations are obtained from
Egs. (12) and (22). The mode loci for the first few modes are shown
in Figs. 6(a) and 6(b) for the TE modes and TM modes. Assuming
that only either the TE or the TM modes are excited, the lowest locus
indicates the dominant mode. Fig. 6(a) shows the mode loci for the
TM modes with ¢; = 30°. The TM;1, mode is a dominant mode for
all 7, /7. However, the width of the valid region for the TM;;, mode
decreases as r,/rpy increases. The parameters for which the TM;q
mode exists as a single mode are obtained in the shaded region called
the valid region. Fig. 6(b) shows the mode loci for the TE modes with
¢1 = 30°. The results show that the dominant mode TMyy, is higher
mode of the TE1, mode and TEg, mode. The resonant frequency of
TMijg is the smallest value of 7,/ in the valid region.

The @ factor is used to choose the optimum dimensions of the
cavity. Fig. 7 shows the @ factor as a function of r, /7, for the TMi19
mode. The resonant frequency of TMi19 mode is independent of the
height of the cavity. To study the effects of the height of the cavity
for TMj19 mode, the minimum and maximum values of the height
of the cavity of 0.5\ and infinity, respectively, are used. It can be
observed that the @ factor of the TM719 mode increases as the height
of the cavity increases. The maximum () factor is obtained when the
height of the cavity approaches infinity. The @ factor decreases as
rq/7p increases. The value of r,/r, must first be chosen for a high @
cavity then the values of 7,/ is selected from the valid region from
the desired height of the cavity.
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Figure 7. Q+/f as a function of r,/ry for the TMj19 mode.

2.4. Resonances of a Concentric Sectoral Cylindrical Cavity

The inner and outer radii of the concentric sectoral cylindrical cavity
are obtained from Section 2.3. The suitable parameters for TMjig
mode are 74 /r, = 0.45, 7, = 0.507X and r, = 1.126A. The cavity yields
a high @ and can be easily excited by the coupling slot from the power
divider which is a circular waveguide excited by TMg; mode. The
resonant length, [, of the cavity for each mode is shown in Table 1.

Table 1. Resonant length of the cavity for each mode.

Mode | TE111 | TEo11 | TE112 | TEo12 | TE113 | TE114 TMi1o
Independent

with (g

Ir/X | 0.609 | 0.887 | 1.219 | 1.774 | 1.828 | 2.437

3. TWO-SLOT ARRAY ANTENNA ON A CONCENTRIC
SECTORAL CYLINDRICAL CAVITY

The antenna structure shown in Fig. 8 consists of two parts, the
concentric sectoral cylindrical cavity and the circular waveguide
shorted at the top end. It is assumed that the TMy; dominant mode
propagates in the circular waveguide with the inner radius of r.. The
inner and outer radii of the cavity are r, and rp, respectively. These
parameters are considered from the details in Section 2. The coupling
slot S. is on the circular waveguide and centered at (r = rq, ¢ = 0,
z = lgc). The radiating slots, S; and Sy are centered at (r = 1y,
¢ =0,2z=1) and (r = ry, ¢ = 0, z = [3), respectively. All slots
are circumferentially oriented. The cavity is enclosed by conducting
surfaces at the angles of = —¢1 and ¢ = ¢1. The variables I; and
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Figure 8. Geometry of a two-slot array antenna on a concentric
sectoral cylindrical cavity excited by a coupling slot: (a) in 3
dimensions, (b) in 2 dimensions.

I3 are the distance from the top of the cavity to the center of the slot
So and the distance from the bottom of the cavity to the center of the
slot S1. These distances are fixed at 0.75\. The spacing between the
radiating slots is fixed at 0.5\, for the maximum directivity and the
lengths of the radiating slots are fixed at 0.5\ which is closed to the
resonant length given in [22]. The variable [ .1, which is the distance
from the shorted end of the circular waveguide to the center of the
coupling slot, is fixed at 0.5\, where A, refers to the guided wavelength
of the TMg; mode of the circular waveguide. The thickness of the top
and bottom walls of the cavity is represented by t;. The length of the
cavity is lg. Since gy is fixed, [g depends on t;. The thickness of
the walls ¢ is fixed at 2mm. The other parameters are also listed in
Table 2.

4. SIMULATED RESULTS AND DISCUSSION

In this section, the characteristics of the antenna are simulated by using
CST Microwave Studio program. The characteristics of the antenna
will be investigated as a function of the parameters l;. and [g.

4.1. Correlations of Magnetic Field Distributions

In this section, the FIELD ., is simulated by using CST Microwave
Studio program. The values of FIELD ., are volume quantities of the
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Table 2. Antenna parameters.

Physical
Electrical .
Antenna Parameters . Size
Size
at 5.8 GHz
Inner radius of the cavity (rq) 0.507X 26.20 mm
Outer radius of the cavity (r) 1.126A 58.23 mm
Inner radius of the circular waveguide (r.) 0.469A 24.20 mm
External length of the cavity (Ig1) 2.000A 103.44 mm
Length of the slot S1 and slot Sz (Lg1 and Lg2) 0.500 25.86 mm
Width of the slot S; and slot So (Ws1 and Ws2)|  0-058A 3.00 mm
Length of the coupling slot (Lsc) 0.480A 24.83 mm
Width of the coupling slot (Wsc) 0.077A 4.00 mm

cavity. The spacing between each field observation position is fixed in
all directions at 2 mm which are sufficiently accurate to determine the
correlations of the magnetic field distributions.

The complex values of FIELD . is a phasor representation which
can be written in terms of a time-harmonic representation as

IEILy,Z (t) = |Hyy,2| cos (wt + ZHyy ») (28)

where |H,, .| and ZH,, . are magnitude and phase of FIELD . at
the observation position (z, y, z).

The FIELD 040 is the mode distributions of the magnetic field
inside the cavity. To find FIELD ,qe at a given observation position
(z, y, 2), the (z, y, z) is scaled and transformed to the cylindrical
coordinates and used in (7)—(9) and (17)—(19).

The correlation between FIELD . from (28) and FIELD 04e,
Corrmode, for each mode existing in the antenna is given by

(FIELDgyt, FIELDy0d0)
\/<FIELDmodea FIELDmOde>

(29)

Corrpmode =

where ( ) is an inner product. Fig. 9 shows an example of the
correlation of the magnetic field distributions, as a function of wt when
Ilr = 0.9) and a center-excited coupling slot is used. It is observed
that the maximum values of Corrygqe for each mode existing in the
antenna occurred at different wt. From the result, the Corryoqe can
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be demonstrated the FIELD 4. of each mode existing in the antenna
at each wt. In addition, the results show that the values of Corrrgi11
and Corrrgi13 are zero due to the mode cannot be excited.

*TE;;; = TE,; ©TE;
4TE; 4, TM)o

90 135 180 225 270 315 360
wt (deg)

Figure 9. Correlations of the magnetic field distributions as a function
wt with [gp = 0.9).

The total power Pr, is the summation of the power for all
significant modes defined as

Pr = Praviiio + Prein + Preiiz + Prens + Prena (30)
and Ppode(%) is defined as
Pmode(%) =100 - Pmode/PT (31)

s ax- Fig. 10 shows values of Ppode(%) as a
function of Iz /A where the values of Ppoqe(%) lower than 0.01% is not
plotted. When a center-excited coupling slot (or ls. = lg/2) is used,
the values of Ppode(%) of each mode as a function of I/ is shown
in Fig. 10(a). It is observed that the maximum and minimum values
of P(%)Tmi10 occurred at (/A equal to 0.60 and 1.22, respectively.
In contrast, [g/A of 0.60 and 1.22 yield the minimum and maximum
values of Prg112(%), respectively. The values of Prgi14(%) occurred
when the values of [g/)\ is greater than 1.6. The values of Prgi11(%)
and Prg113(%) are zero due to the mode cannot be excited. When
an offset-excited coupling slot (or ;e = (Ig/2) + 4mm) is used, a
similar trend is observed as shown in Fig. 10(b). However, the values
of Prode(%) at g/ of 0.6-0.9 and 1.6-1.9 have significant effects from
the TEq11 mode and the TE;13 mode, respectively.

where Ppode = |C OTTmode’2

4.2. Radiation Patterns

Figure 11(a) shows the radiation patterns of the antenna using a center-
excited coupling slot. It is obvious that the radiation pattern in zz-
plane is independent of [g. Due to the excitation by a coupling slot
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Figure 10. Values of Ppoqe(%) as a function of [r/\: (a) Center-
excited coupling slot, (b) Offset-excited coupling slot.

at the center of Ir, the TE{1; mode and the TEq13 mode cannot be
generated. Therefore, the magnetic fields at both slots are identical.

The radiation patterns of the antenna using an offset-excited
coupling slot are shown in Fig. 11(b). The patterns depend on Ir
because the TE;1; mode and the TEj13 mode can be excited by the
coupling slot. The longer values of Ig/A has more effects on the
radiation pattern than the shorter values of [gr/\, due to the longer
values of [r/\ can generate more than one mode. The cavity does not
contain a pure component mode of the TMj;9 mode. Therefore, the
magnetic fields at both slots are not identical. The radiation patterns
in zz-plane are tilted downward.

In both cases, the TEp;; mode and the TEgs mode cannot be
excited by the coupling slot due to the magnetic field is aligned in the
z direction. The TE115 mode and the TEj14 mode can be excited but
have no significant effects on the radiation patterns.
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Figure 11. Radiation patterns in zz-plane (a) Center-excited, (b)
Offset-excited.

4.3. Directivity and Beam Peak

Figure 12(a) shows the directivity and beam peak in zz-plane as a
function of [r/A. It is observed that the directivity and the beam peak
of the antenna using a center-excited coupling slot are constant at
8.5dBi and 90 degrees, respectively. When an offset-excited coupling
slot is used, the directivity and the beam peak are varied with respect
to lg. The directivity decreases almost monotonically as [r. The beam
peaks are tilted since the TE{1; mode and the TE113 mode are excited.
The maximum beam peaks occur at [g/\ = 0.7 and [g/A = 1.9, due
to the TE;11; mode and the TE 13 mode is fully excited, respectively.

4.4. Magnitude of Sq;

Figure 12(b) shows the magnitude of S;; as a function of [gr/A. When
a center-excited coupling slot is used, it is observed that the magnitude
of Sy1 increases as [r/\ increases from 0.60-1.22 and the magnitude
of Sy decreases as g/ increases from 1.22-1.80. The maximum
magnitude of Sy; occurs at [g/A = 1.22, due to the TE;j2 mode is
fully excited at [gr/\ = 1.22. The magnitude of S;; increases as [r/\
increases from 1.8-1.9, due to the effects of the TE{14 mode. A similar
trend is observed for the antenna using an offset-excited coupling slot.
However, the magnitude of S;; of the antenna using an offset-excited
coupling slot is higher at [r/A of 0.6-0.7 and 1.7-1.9 due to the TE;;;
mode and the TEj13 mode are fully excited, respectively.
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Figure 12. (a) Directivity and beam peak, (b) Magnitude of S;1, (c)
Antenna gain.

A pure component mode of the TMj1¢ mode is desired for antenna
design. When the center-excited coupling slot is used, the TEjq;
mode and the TEj;3 mode cannot be generated. The TEj12 mode
and the TE 14 mode can be excited but have no significant effects to
the radiation patterns. However, the TE ;2 mode and the TE;14 mode
degraded the magnitude of S1; and the maximum magnitude of Sig
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occurred at the mode is fully excited. When the offset-excited coupling
slot is used, the TE;1; mode and the TE;13 mode can be generated and
degrade the radiation patterns due to the magnetic fields at both slots
are not identical. In addition, the TE ;7 mode and the TE ;3 mode
also degraded the magnitude of Sq1;. Figure 12(c) shows the effects on
the antenna gain. The existing of other modes degrades the antenna
efficiency and causes the antenna gain to decrease.

Therefore, the center-excited coupling slot must be used for
optimum antenna characteristics and [z must be shorter than the
resonant length of the cavity for the TEq15 mode. This will be used as
the design guidelines.

5. MEASUREMENT RESULTS

To verify the simulated results, the prototyped antenna of the two-slot
array antenna on a concentric sectoral cylindrical cavity excited by a
coupling slot was fabricated at the operating frequency of 5.8 GHz with
the parameters in Table 2 and is shown in Fig. 13. The parameter Iz/\
of 0.7 is the suitable design parameter. The monopole on the circular
reflector, connected to a SMA connector, is used to excite the TMgq
mode into the circular waveguide.

(a) (b) (©)

Figure 13. Prototyped antenna: (a) Perspective view, (b) Bottom
view, (c) Monopole on the circular reflector.

Figure 14 shows the comparison between the simulated and
measured results of the radiation patterns in zy- and zz-planes. The
solid and circle lines are denoted the simulated and measured results,
respectively. An excellent agreements are obtained in both in zy- and
zz-planes. Figure 15 shows the measured magnitude of S71. The return
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Figure 14. Radiation pattern: (a) zy-plane, (b) zz-plane.
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Figure 15. Magnitude of S71 of the prototyped antenna.

loss of 20.6 dB is obtained at 5.8 GHz. The measured gain at 5.8 GHz
is 7.8 dBi.

6. CONCLUSION

In this paper, a two-slot array antenna on a concentric sectoral
cylindrical cavity excited by a coupling slot is investigated. The
electromagnetic solutions and () factors of a concentric sectoral
cylindrical cavity are presented. The relations between the outer



152 ‘Wounchoum et al.

radius and the ratio of the inner to outer radii are studied. The @Q
factor is used to determine the optimum dimensions of the cavity.
The results show that the appropriate mode for a slot array antenna
on a concentric sectoral cylindrical cavity is the TMj;9 mode. The
correlations between each mode distribution and the magnetic field
distributions inside the cavity are presented. The radiation pattern,
magnetic field distribution and magnitude of Si; are investigated in
the terms of the length of the cavity. The results show that when a
center-excited coupling slot is used, the TE;12 mode and TE 14 mode
degraded the magnitude of Si1.To obtain the high efficiency of the
antenna, the suitable parameters are the center-excited coupling slot
and the length of the cavity must be shorter than the resonant length of
the cavity for the TEq12 mode. The prototyped antenna was fabricated
and measured to verify the simulated results. The results provide useful
information for the design of a switched-beam slot array antenna on
the concentric sectoral cylindrical cavities.
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