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A Half-Moon Antenna
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Abstract—This paper presents a half-moon antenna (HMA),
which is composed of two semi-circular top and bottom conducting
plates joined by a rectangular conducting plate. The HMA has a
wide radiation beam. Radiation in the y — z plane (in the E plane)
is hemispherical with a half-power beam width (HPBW) of more
than 200°. Radiation in the © — y plane (in the H plane) forms
a sector beam with an HPBW of more than 100°. To reduce the
backward radiation and improve the gain, chokes are added to the
HMA. An increase in the gain of approximately 1 dB is obtained.
In order to obtain a tilted beam, the radius of the bottom plate is
reduced. The maximum beam direction of the tilted beam 0,,,.«
is not sensitive to frequency. Within a frequency range of 11 to
14 GHz (24%), O.nax = 167° £+ 2°, The gain is found to be
G = 9.5 £ 0.5 dBi within this same frequency range.

Index Terms—Cylindrical finite-difference time-domain (FDTD)
method, small aperture antenna, tilted beam formation, wide radi-
ation.

I. INTRODUCTION

.J. EPIS HAS investigated a radial-mode horn, which con-

sists of a wave-launching section and a radial section [1].
The wave-launching section is made of a rectangular waveguide
and the launched cylindrical wave radiates from the cylindrical
aperture of the radial section. It has been revealed that the ra-
dial-mode horn can provide a relatively flat-topped radiation
pattern in the H plane.

The increasing popularity of wireless LAN systems has cre-
ated the need for an antenna with a wide radiation beam and
a simple structure. This paper presents a half-moon antenna
(HMA), which has a simple structure and a wide radiation beam
suitable for such an application. The HMA is composed of two
parallel semi-circular conducting plates and a rectangular con-
ducting plate joining the two parallel plates, as shown in Fig. 1.
A probe near the rectangular plate (rear wall) feeds the antenna.
It can be said that the HMA has a simpler structure than the ra-
dial-mode horn.

The purpose of this paper is to reveal the antenna character-
istics of the HMA. We use the finite-difference time-domain
(FDTD) method [2]-[5] as the analysis method to achieve
this purpose. First, therefore, we briefly summarize the FDTD
method, which is formulated using a cylindrical coordinate
system.
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Fig. 1. Configuration of an HMA. (a) Perspective view and (b) side view.

Second, the analysis results are presented and discussed.
Effects of the size and thickness of the semi-circular parallel
conducting plates on the radiation pattern are revealed and a
technique for reducing the backward radiation is presented. It
is shown that adding chokes to the parallel plates contributes
to a reduction in the backward radiation. Third, the frequency
responses of the input impedance and gain of the HMA with
chokes are evaluated and discussed.

Finally, we investigate tilted beam formation, without the
use of conventional array techniques, using a modified HMA,
where the top and bottom plates have different radii, as shown
in Fig. 10. A tilted beam is useful in LAN base station antenna
applications. The beam direction as a function of the radius of
the bottom plate is evaluated. Furthermore, the beam direction
as a function of frequency is calculated and the frequency
response of the gain is also revealed.

Note that the analysis is performed using a frequency band
of 11 to 14 GHz (24%) and some experimental results are pre-
sented to confirm the analysis.

II. CONFIGURATION

Fig. 1 shows the configuration of an HMA [6]-[8]. The an-
tenna is composed of two semi-circular conducting plates par-
allel to each other. The linear edges of these two plates are joined
by a rectangular conducting plate (referred to as the rear wall).
A strip probe connected to the inner conductor of a coaxial line
close to the rear wall feeds the antenna.

The notation is as follows: Rpr, is the radius of the semi-
circular conducting plate; B is the thickness of the semi-circular
conducting plate; s is the spacing between the two semi-circular
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Fig. 2. FDTD method based on a cylindrical coordinate system.

conducting plates; Wy, and Ly, are the width and length of the
feed strip probe, respectively; and dp;, is the distance from the
rear wall to the center of the feed probe.

III. SUMMARY OF ANALYSIS TECHNIQUES

We analyze the HMA using an FDTD method. Use of the Yee
mesh based on rectangular coordinates (x, y, z) [3] causes error
due to a staircase approximation of the curved edges of the top
and bottom plates. To avoid this error, we adopt cylindrical co-
ordinates (r, ¢, z) = (iAr, jA¢, kAz) with a time coordinate
t = nAt and formulate Maxwell’s curl equations for electric
field E(¢) and magnetic field H(¢).

Field components F,.(i + (1/2),j,k), Es(i, 7 + (1/2),k),
E.(i.j.k + (1/2)), Ho(ij + (1/2).k + (1/2)), Hy(i +
(1/2)4,k + (1/2)), and H.(i + (1/2),5 + (1/2),k) are
assigned as shown in Fig. 2. The finite difference expression
for the field component [15], for example, F,., is obtained from
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ot T r s 0s
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as

1 1 1
H, 2 ] k
x{ <Z-|—2j+2 >
n-L /. 1 . 1
_HZ 2 o __7k
(+59-54)]

At nt (. 1 . 1
_ =t gt ik =
eAz { ¢ <Z+2’j’ +2>
n-t (. 1. 1
e bae )] e
It should be noted that 1) g and H, atr = 0 (i.e., s = 0)

are not needed to update the field components, and 2) E. has
a singularity when » = 0, but the singularity can be removed
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Fig. 3. Radiation patterns as a function of the radius Rpy,. The semi-circular
plates are infinitesimally thin (B = 0).

using the integral form for the curl equation V x H = 0D /01,
where 0D /0t is the displacement current density [4], [5].

An absorbing boundary condition (ABC) based on Newton’s
backward-difference polynomial is used to truncate the com-
putation space. This ABC is applied to the boundaries in the r
and z directions. We express the tangential electric field compo-
nents E; and E. at the boundary r = &, as Ey(t + At,¢,) and
E.(t + At,&,), respectively, and denote them as E(t + At, §)
for simplicity. Similarly, we denote the tangential electric field
components £, and E; at the boundary z = ¢, as E(t+ At, €).
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Fig. 4. Representative radiation patterns for finite thickness B. The cross-polarization component E,, is less than —30 dB and does not appear in this figure.

Note that E(t + At,£) is decomposed into 2E; — Eo, where
E, = E(t,§ — acAt) and Eq(t — At, £ — 2acAt) with ¢ and
a(0 < a < 1) being the speed of light and a scaling factor, re-
spectively. Extrapolation using coordinates £ — mA¢ (m = 0,
1,2, 3, 4) leads to [2], [9]

E(t + At, &) =2e1E(t, €) + 2eaE(t, & — A€)
+2e3E(t, & — 2A8) — (e1)?E(t — At €)
—2e1e9F(t — At, & — Af)
—{2e1e3 + (e2)?} E(t — At, € — 2A€)
— 2ese3E(t — At,§ — 3AE)
— (e3)?E(t — At, € — 4A¢) 3)

whereey = (2—7)(1—7)/2,ea =7(2—7),e3 =7(7—1)/2
with 7 = acAt/AL.

The radiation patterns are obtained on the basis of the equiv-
alence theorem [10], where equivalent electric and magnetic
current densities, Js(w) and M (w), on an imaginary surface
S enclosing the antenna are required. To meet this requirement,
the time-domain electric and magnetic fields on S, E(¢) and
H(t), obtained using the FDTD method, are Fourier-trans-
formed. J¢(w) and M(w) are given as Js(w) = 7 x F[H(t)]
and M(w) = F[E(t)] x n, where F[E(t)] and F[H(t)] are
Fourier-transforms of E(t) and H(t), respectively, and 7 is an
outward unit vector normal to the surface S.

The input impedance Z;,(= Ri, + jX,,) is calculated as
Zin = F[Via(1)]/F[Lin(t)], where F[V;,(t)] and F[I;,(t)] are
Fourier-transforms of the time-domain voltage V;,(¢) and cur-
rent I;,(t) at the feed point, respectively. For V;,(t), we use
a sine function modulated by a Gaussian function; Vi, (¢) =
Vigauss(t) sin wt, where Vgauss(t) = exp{—(t — T)/KT}? with
K =0.29and T = 0.646/ f34p. Note that f34p is the frequency

at which the power spectrum |F[Vgauss(t)]|* for K = 0.29
drops 3 dB from the maximum value. The current Iy, (¢) is ob-
tained by integrating the magnetic field H(¢) around the feed
probe at the input (Ampere’s circuital law).

Using the Fourier-transformed value F[[;,(t)], the
gain G at a far-field point of (r, 0, ¢) is calculated
to be G = [|[F[Et)]/V2?/Zo]/|Pin/(4772)], where
Pin(= Rin|F[Iin(t)]/V/2]?) is the power input to the antenna
and Zy(= 1207 ohms) is the intrinsic impedance of free-space.
Note that the realized gain Gy [11], [12] is smaller than the
gain G, depending on the degree of impedance mismatching
between the antenna and the feed line. The Gy is given as
G /M ,where M(= (1+VSWR)?/(4VSWR) = (1 — |I‘|2)_1,
with |T'|? being the power reflection coefficient) is the reflec-
tion loss due to impedance mismatching. Using the relation
10log Gy = 10log G — 10log M, the gain 10 log G is given
by adding the reflection loss 10 log M to the realized gain
10log Gyy, thatis, G in dB = M in dB + Gy in dB.

IV. ANALYSIS RESULTS

To investigate the radiation beam from the HMA in detail,
we start by choosing parameters: spacing between the top
and bottom plates s = 6.3 mm = 0.2625A15 5, strip probe
width Wiy = 1 mm = 0.0417X14 5, strip probe length Ly, =
4.2 mm = 0.175)\12 5, distance between the center of the strip
probe and the rear wall d,,, = 6 mm = A2 5/4, where A12.5(=
24 mm) is the wavelength at a test frequency of 12.5 GHz. To
simplify the following discussion, these parameters are fixed
throughout this paper. The plate thickness B and radius Rpr,
are varied subject to the objectives of the analysis. Note that
the thickness of the strip probe is assumed to be infinitesimally
thin.
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Fig. 5. Input impedance as a function of frequency.

A. Fundamental Antenna Characteristics

The radiation pattern at 12.5 GHz as a function of plate ra-
dius Rpr, is investigated, assuming that the plate thickness is
infinitesimally thin (B = 0). The theoretical radiation pattern
at Rpr, = 20 mm(= 0.833)\15 5) is shown in Fig. 3(b), together
with patterns for Rpy, less than and greater than 20 mm.

As seen from Fig. 1(b), the antenna configuration in the y — 2z
plane is not symmetric with respect to the y axis. Therefore, as
the plate radius Rpr, decreases (and hence the distance from the
strip probe to the plate edges (Rpr, — dpm) decreases), effects of
this asymmetry appear in the radiation pattern in the y — z plane,
as shown in Fig. 3(a), where Rpr, — dpr i 4 mm and smaller
than d,., = 6 mm. Conversely, the asymmetry of the radiation
pattern in the y — 2z plane almost disappears as the plate radius
Rp1, becomes large, as shown in Fig. 3(b) and (c).

The directivity in the y direction becomes maximal in
the vicinity of Rpr, = 20 mm. The half-power beam width
(HPBW) in the z — y plane (in the H plane) at Rpr, = 20 mm
is calculated to be 80° [see Fig. 3(b)].

An HPBW of greater than 80° in the  — y plane is obtained
by increasing the plate radius Rp1,. A HPBW of approximately
120° is obtained at Rpr, = 50 mm = Rprz0(= 2.08\125).
However, the maximum radiation in the y — z plane (in the E
plane) is no longer in the y direction, as shown in Fig. 3(c).

To change the maximum radiation in the y — z plane from the
z direction to the y direction, the thickness B is varied, while
fixing the plate radius to be Rpy5¢. It is found that, as B in-
creases, the radiation intensity in the y-axis direction increases.
Fig. 4 shows representative radiation patterns at B = 5.6 mm =
Bs; s(= 0.233A12 5), where the radiation intensity in the y-axis
direction equals that in the z-axis direction. For confirmation of
the theoretical results for Bj g, the experimental results (white
dots for the F/y component) are also shown, where the £, com-
ponent (cross-polarization component) is less than —30 dB and
does not appear in this figure. Note that the radiation pattern re-
mains almost unchanged in a range of B = 5.6 mm to B =
9.8 mm, resulting in a nearly constant directivity in the y direc-
tion (variation of 0.1 dB).

Based on the above observation at 12.5 GHz, we choose pa-
rameters (Rpr,, B) to be (RpLs0, Bs.¢) and investigate the fre-
quency response of the HMA. Fig. 5 shows the input impedance
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Fig.7. Half-moon antenna with chokes. (a) Perspective view and (b) side view.

Zin = Rin 47X, as afunction of frequency. A purely resistive
input impedance is obtained in the vicinity of a test frequency
of 12.5 GHz. The experimental results, obtained using an HP
8510C network analyzer, are close to the theoretical ones. The
slight discrepancy between the theoretical and experimental re-
sults is mainly due to the difference between the theoretical and
experimental feed systems: a delta-gap source is used for the
theoretical feed system, while a coaxial line source is used for
the experimental feed system. The theoretical delta-gap is ap-
proximated with a gap of length A = 0.015A12 5 [13]. In the
experiment, the radius of the inner conductor of the coaxial line
feed is chosen to be the electrical equivalent radius of the the-
oretical strip probe (W},,,/4 = 0.25 mm) [14]. Note that the
smallest theoretical return loss is —16.4 dB at 12.9 GHz and the
theoretical frequency bandwidth for a —9.54 dB return loss cri-
terion (VSWR = 2 relative to 50 ohms) is approximately 7.9%.
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The radiation pattern is not sensitive to frequency. The radia-
tion in the y — z plane (in the E plane) is hemispherical with a
theoretical HPBW between 200° and 206° within a frequency
range of 11 to 14 GHz (24%), while the radiation in the x — y
plane (in the H plane) is a sector beam with an HPBW between
100° and 120°.

From the fact that the radiation pattern is not sensitive to fre-
quency, it is expected that the antenna will have a relatively con-
stant gain over a wide frequency range. The solid line in Fig. 6,
showing the theoretical gain G, confirms this expectation. The
gain variation is small: the gain G varies between 4.7 dBi and
5.4 dBi within a frequency band of 11 to 14 GHz (24%). The
black dots, obtained by using a commercially available electro-
magnetic wave solver (MW-Studio based on the finite integra-
tion method, from CST Corporation), confirm the accuracy of
the theoretical gain G.

The theoretical gain G is further confirmed by experimental
work. The theoretical gain G [in dBi] (illustrated with a solid
line FDTD) and experimental gain (illustrated with white dots)
are in good agreement, where both the realized gain Gy and
the reflection loss M, defined in Section III, are measured for
a 50-ohm feed line and used for the calculation of the experi-
mental gain Gy [in dBi] + M[in dB].

Note that the realized gain Gy [in dBi](= GJ[in dBi] —
MTin dB]) is smaller than the theoretical gain G in the lower
and higher frequency regions, depending on the degree of the
reflection loss M due to impedance mismatching between the
antenna and the feed line [11], [12].

Radiation patterns for half-moon antennas with and without chokes as a function of frequency.

B. Reduction of the Backward Radiation

So far, we have revealed the antenna characteristics for
(RpL,B) = (RpLs0, Bs.6). As observed in Fig. 4, the HMA
has relatively large backward radiation (radiation in the nega-
tive y direction). This section describes one method of reducing
the backward radiation. For this, chokes are added to the top
and bottom plates of the HMA, as shown in Fig. 7, where each
choke has depth d.;, and spacing s.y.

We again use parameters (Rpr,B) = (Rprso,Bs.6),
together with (dch, Sch) = (0.25)\12_5, 0.058)\12_5). Fig. 8
shows the theoretical radiation patterns for two HMAs with
and without chokes, as a function of frequency. It is clear that
the backward radiation of the HMA with chokes is reduced,
compared with that of the HMA without chokes. The backward
radiation in the minus y direction is less than —25 dB at a
test frequency of 12.5 GHz. The reduction of the backward
radiation is attributed to the reduction of the currents flowing
on the surfaces of the top and bottom plates.

The reduction in the backward radiation leads to an improve-
ment in the gain. Fig. 9 shows a comparison of the frequency
responses between the theoretical gains of the HMAs with and
without chokes. The gain of the HMA with chokes is approxi-
mately 1 dBi higher than that without chokes. Note that, when
a 50-ohm line is used for the HMA with chokes, the realized
gain becomes maximal (G, max = 5.9 dBi) in the vicinity of
12.7 GHz, with a minimum value of 5.1 dBi in the vicinity of
11.6 GHz.
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Fig. 9. Gains for half-moon antennas with and without chokes. The radius and
thickness of each semi-circular conducting plate are chosen to be (RPL7 B) =
(RPL50-, B5.6) = (2-08A12.5-, 0-233/\12.5)~

Fig. 10. Modified HMA composed of infinitesimally thin semi-circular
conducting plates. (a) Perspective view and (b) side view.

The input impedance Zj,, of the HMA with chokes as a func-
tion of frequency shows almost the same behavior as shown in
Fig. 5. It follows that the chokes do not significantly affect the
input impedance. The frequency bandwidth for a VSWR = 2
criterion is approximately 8.5%.

C. Modified Half-Moon Antenna

This section describes tilted beam formation using an HMA.
For this, the radius of the bottom plate Ry, is reduced, as
shown in Fig. 10. Analysis is performed for an HMA with a
top plate of radius Rpr, = Rprso (fixed) and a bottom plate of
radius Ry, (variable), assuming that thickness B is infinites-
imally thin (B = 0). Other parameters are as defined at the
beginning of Section IV.

First, the radiation pattern at 12.5 GHz as a function of the
radius of the bottom plate Ry, is investigated. Fig. 11 shows
representative radiation patterns in the x — y and y — z planes
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bottom plate radius Rpm-

at Rp¢m = 1.54)\12.5, where the experimental results are pre-
sented with white dots. It is found that the radiation is concen-
trated in the lower hemisphere with a maximum beam direction
of O ax = 168°. Note that the theoretical maximum beam di-
rection 0, in the y — z plane as a function of Ry, is shown
in Fig. 12. When Ry, equals Rpr(= 50 mm = 2.08)125),
the radiation pattern in the y — z plane, which has already been
shown in Fig. 3(c), has two peaks in the directions § = 176°
and 4°. In Fig. 12, the value # = 176° is used for 0, at
Rytm = 2.08A12.5.

Next, we focus on a representative modified HMA having a
bottom plate radius of Ryt = 1.54M12.5 and obtain the fre-
quency response. Analysis shows that the maximum beam di-
rection 6, is not sensitive to frequency. Within a frequency
range of 11 to 14 GHz (24%), the maximum beam direction is
Omax = 167° £ 2°.

Fig. 13 shows the theoretical gain GG in the maximum beam
direction as a function of frequency. The gain G is relatively
constant (ranging from 10 dBi to 9 dBi or G = 9.5 £ 0.5 dBi).
Note that the realized gain G'yy for a 50-ohm feed line shows a
maximum value of approximately 9.6 dBi at 12.5 GHz and is re-
duced to approximately 8.2 dBi at the lower band edge (11 GHz)
and 8.3 dBi at the higher band edge (14 GHz).
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V. CONCLUSION

An HMA is proposed to realize a wide radiation beam with a
simple structure, which is often required for wireless LAN an-
tennas. The HMA, composed of two semi-circular conducting
plates of radius Rpy, is fed by a probe near a rectangular con-
ducting plate joining these two semi-circular plates. The spacing
between the two semi-circular plates is chosen to be less than
one-half of the wavelength at a test frequency of 12.5 GHz. The
analysis is performed using an FDTD method based on a cylin-
drical coordinate system.

The analysis shows that an appropriate thickness of the semi-
circular plates BB, expands the radiation in the y-axis direction
(the front of the aperture), increasing to the same value as that in
the z-axis direction. Within a frequency band of 11 to 14 GHz
(24%), the radiation in the E plane of a representative HMA (the
semi-circular plates have a radius of Rpy, = 2.08\125 and a
thickness of B = 0.233\15 5) is hemispherical with an HPBW
between 200° and 206°, while the radiation in the H plane is a
sector beam with an HPBW between 100° and 120°. Within the
same frequency band, the gain varies between 4.7 and 5.4 dBi.
Further analysis shows that adding chokes to the semi-circular
plates reduces the backward radiation. The representative HMA
with chokes has a backward radiation level of less than —25 dB
at a test frequency of 12.5 GHz.

Finally, this paper refers to a modified HMA, where the radius
of the semi-circular bottom plate is reduced. It is found that the
modified HMA radiates into the lower hemisphere, forming a
tilted beam. The maximum beam direction of a modified HMA
(infinitesimally thin semi-circular top and bottom plates have
radii of Rpy, = 2.08\12 5 and Ry, = 1.54 12 5, respectively)
is not sensitive to frequency. Within a frequency range of 11
to 14 GHz (24%), the maximum beam direction in the y — 2
plane is 0. = 167° £ 2° and the gainis G = 9.5 + 0.5 dBi.
The modified HMA can be used, for example, as a base station
antenna.
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