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Abstract—The analysis and design of a microstrip antenna array the ground plane symmetry from even to odd and choosing
with a conical beam are presented. The antenna array employs the appropriate microstrip dimension allows the resultant
a periodic structure derived from the microstrip on a perforated microstrip to emit leaky waves when launched by a bound

ground plane. The microstrip antenna array consists of eight leaky ) . .
lines evenly distributed around a circle. Each line radiates mainly dominant mode(EHo) [3]. By radially arranging the leaky

a pair of forward and backward beams, forming a conical beam. line as shown in Fig. 1, a low-profile conical-beam antenna
The new leaky line design employs the concept of space-harmonicarray is presented, manifesting a new alternative approach
modulation on the EH, mode launched at the common joint of [4], [5], which is commensurate with common printed-circuit
the antenna array. The scattering and dispersion characteristics of technology. Converting the boufitH, mode into leaky waves

the leaky line are thoroughly investigated. The fact that the per- . " . .

turbation of the antisymmetric holes made by photolithographic r?qu'res no trans,'t'or_] to excm:f the h'g_her. order leBky mode
etching excites the leakyEH, mode is theoretically and experi- Since the leaky line is essentially a distributed mode converter.
mentally validated. Scattering analyses of the surface currents on The inherent mode conversion feature greatly simplifies the
the microstrip, however, reveal in detail the physical operation of power divider/combiner circuit block in Fig. 1. The proposed
the leaky line. The dispersion characteristics are, thus, established leaky structure bypasses several transition circuits reported to

e sFounina Erlodn dagam, ndcang e ot ae ouce ¢ e e

~%  represents a traveling-wave component of theuth higher- ~ 2Symmetric microstrip step junction with mode suppressor [6],
order spatial component in association with theEH,,, mode: the the slotline feed to the micro-slotline [7]-[9], the aperture-cou-
superscript, +(—), signifies a forward (backward) traveling wave. pled feed [10], the broadband microstrip-to-CPS (coplanar
For the particular leaky line design, v, _, and i, space har- strips) transition [11], the micro-CPW line [12], and others.

monics, both showing odd-symmetric field polarization, and both The rest of this paper is organized as follows. Section Il dis-

outside the triangular Brillouin region, form the backward and the th d desi f inale leaky li Section Il
forward leaky waves, respectively. When the leaky lines are evenly cusses the theory and design of a singie leaky line. Section

and collinearly tied, an 11.5-GHz radial antenna array prototype preser_1ts a dispe_rsive Brilloui_n diagramkplot) of the corre-
is formed, and emits a conical beam, showing a 3-dB beamwidth of sponding leaky line. Theoretical data also show that the space

24° at the flare angle of 3F. harmonics of the Brillouin diagram are a valid approximation
Index Terms—Conical beam, leaky waves, periodic structures, Of the rigorous electromagnetic field solutions obtained by the
radial antenna array. full-wave integral equation method. Section IV specifies the

complete design of the leaky antenna array, together with mea-

sured data. Conclusions are finally made in Section V.
|. INTRODUCTION

ERIODIC structures have recently been extensivelyll. MICROSTRIP ON ANANTISYMMETRICALLY PERFORATED
studied and developed for use in microwave circuit design GROUND PLANE
[41, [2]. Q|an anq Itoh .reported the propagat_|on Ch‘f"ra(ztens_tlcsContrary to exciting microstrip leaky modes at higher order
of a uniform microstrip could be altered with noticeable in:

) . . directly connecting certain transition circuits [6]-[12], a
crease in slow-wave factor and a fairly large stopband by simp {stributed mode converter made of a uniform microstrip on

substituting a ground plane of periodic pattern into a uniforrg eriodically perforated around bplane as shown in Eig. 2
ground plane [2]. The forbidden frequency band is a familiar P yp 9 P 9

uiding oroperty of such a periodic structure. and prohibi as been developed. The ground plane is patterned by holes

\?vave grg ap ati)c/> n for a cer?ain frequenc ba’m d MF()) difymestched photolithographically and positioned antisymmetrically

propag q y ' With respect to the central cut in the middle of the microstrip.

These holes, not necessarily square, are positioned with peri-
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{ leaky wave
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Fig. 1. A generic N-element radial microstrip conical-beam antenna array with periodic perturbations using etched holes on the ground plane.

Ls

L, L, L,

Fig. 2. The structure and spherical coordinates of the leaky line with one or two port(s) attached for evdlyatonl53.8 mm,L, = 14.2 mm,L; =
182.2 mm,d; = 3.0 mm,ds; = 12.0 mm,d. = 3.0 mm,W; = 9.0 mm, W, = 2.0 mm,h = 0.762 mm, ands, = 2.55.

to each leaky line of lower impedance. At this stage, the profurbations on the modal currents that flow on the ground
agating mode is still thdiHy, mode. When thécH, mode plane. Section Il will present the mathematical details and
enters the microstrip (leaky line) with a perforated grountheoretical results concerning the effects of such periodic
plane that contains antisymmetric holes, it experiences thmdulation on the modal currents. Thil,; leaky mode can
so-calledspace-harmonic modulatiotiue to the periodic per- be excited because the microstrip structure supportsbHth
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andEH; modes and the space-harmonic modulation is of an- _ :g —
tisymmetric type. g 1af EH,

The EH; mode also experiences the same space-harmoni § :2 ~oko
modulation as that experienced by the launclilg mode. The £ 11 — plko
space-harmonic modulations of th#l, and EH; modes are § 0; -

carried out simultaneously in a distributed fashion that causeg gg| _

mode conversions, which involve the complicated generationog o7} h S
. . . < _ .

a variety of space harmonics. These space harmonics are ges ¢ :

: : : , . 0 05 . " =
erated in the wider microstrip section of length, which in 3 o4 | -, EHh lvlv=:7"6‘;"mm
turn behaves like a distributed mode converter. Two tapered mi"é 0-3 i 8r=‘2-55

crostrip sections are added to the input and output ports to in s 8:1

vestigate the two-port scattering characteristics and thus explol 0

the guiding characteristics of the mode converter. The lehgth

of the linear microstrip taper is sufficient to reduce reflections.

Thus, no phasing and matching circuit in the central feeding

block is required in Fig. 1. Only the N-way, radial, microstrip

combiner/divider [13] is necessary to feed the antenna arrayrig. 3. The dispersion curves of a uniform microstrip line of strip width w.
Following the aforementioned design considerations, tif& = 9-0 mm,h = 0.762 mm, ¢, = 2.55).

wide microstrip section is 9.0 mm widéV;) and 153.8 mm 0

long (L1), as depicted in Fig. 2. Itis printed on an ULTRALAM - o

9 10 ] 12 - 13 14
Frequency (GHz)

Leaky region (9.4 GHz to 12.5 GHz)

2000 substrate of thickness 0.762 mm (h) and relative permi S5 i L0 R
tivity 2.55 (e,.). Each of the two columns of the etched square | P ~ I AVRIRNRT
holes on the ground plane has 14 periods. The periodicity of th = S te Vo
etched holes is 12.0 mifil,). The tapered microstrip section s \[ |

is relatively long with 14.2 mn{Ls). The total lengthL3, of E .20
the microstrip is 182.2 mm, and is comprised of two tapere(s
sections of length.,, and a wide microstrip of length;. The i Measured |Su| ,
width (W) of the feeding microstrip is 2.0 mm. Removing the -30
output taper at port 2 of Fig. 2 forms an open-ended (one-por
leaky line. The coordinate system of Fig. 2 illustrates the
leaky line’s being positioned along theaxis. The center of -40 SRy S AR —
. . 8 9 M0l s o 13 14

the hole to the symmetrical — z plane is 3.0 mm(d.). The : ’Fréqlieﬁc'y (GHz)‘
length of the sides of each square hole is 3.0 fa). The
size and periodicity of the holes are thus 0.225and 0.5),,  Fig. 4. Measured and theoretidsik | (one-port line) of the single leaky line
respectively, wherg,, is the free-space wavelength of the onsets shown in Fig. 2.
frequency of theiH; mode at 12.5 GHz. The etched pattern
on the ground plane of the guiding structure produces weakFig. 4 indicates that the measured input reflection coefficient
periodic perturbations on the modes that propagate alongsi¢i, |) (in solid line) closely agree with the theoretical data (in
the guiding structure. square symbols) applying the full-wave method [1S};] is

The inset of Fig. 3 illustrates a uniform microstrip of widtHess than—5 dB in the leaky region (9.4-12.5 GHz) and be-
9.0 mm (w) printed on the same substrate as that mentiongmhd, implying that the potentially strong radiating zone covers
earlier, with thickness 0.762 mm (h) and relative permittivitthe entire leaky region of interest agdes beyonthe onset fre-
2.55 (e,). The normalized dispersion characteristics of thguency of theEH; mode at 12.5 GHz.
dominantEHy, mode and the leakytH; mode of the ideal  Continuing with the two-port measurement of the guiding
microstrip are plotted in Fig. 3. The dispersion characteristisgructure, allows the total losses to be assessed using the rela-
of Fig. 3 are obtained by the two-dimensional (2-D) full-wavéive power absorbed (RPA) valué & |S11]> — |S21]%). Fig. 5
integral equation method [7]. The onset frequency ofElilf  presents the pertinent measurements. The figure clearly shows
mode, at whicha/kg = 0, is around 12.5 GHz. The grayedthree zones of interest. The first is below 9.4 GHz, where the
frequency band, as shown in the abscissa of Fig. 3, highligipi©oposed structure shows relatively low loss and the value of
the leaky regionfrom 9.4 to 12.5 GHz. Notably, at 9.4 GHz,RPA is between 2% and 30% and increases as frequency rises.
two curves defined by3/ky and «/kq intersect [14].8/ko Most electromagnetic energy propagates through the guiding
anda/kg are the normalized phase and attenuation constargpucture without experiencing large reflections or losses. The
respectively. The normalized phase constant of the dominaetond zone lies between 9.4 and 12.5 GHz, that is, in the leaky
mode (EH,), a bound mode, is nearly constant and close tegion defined by th&H,; mode in which the RPA value rises
1.55 across the 8- to 14-GHz band. By contrast, the leakiarply from 30% to 90%, fluctuates, and declines to approxi-
EH; mode shows typical dispersion characteristics: a fastately 60%. Here, the transmission coefficié®4; |, drops dra-
wave of 5/kq less than unity with noticeable attenuation imatically to about-40 dB and shows good input matching to
the leaky region. 500 with |S11| between-6.2 dB and-11.8 dB. The third zone

o © Theoretical |Sy|
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|S11] or [Sz| (dB)
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Fig.5. MeasureB,:],|S21| and RPA (relative power absorbdd: [S1;|* —
[S21]?) of the two-port leaky line as shown in Fig. 2.

is above 12.5 GHz, where the RPA value fluctuates around 5
This zone also represents high losses, although the transmis
coefficient(|S21]|) rises sharply from about40 dB to—5 dB.
The radiation in the third zone is not from the ledkil; mode
of the uniform microstrip line. The next section will demon
strate how the extended radiation region can be related to
space harmonics.

I1l. SPACE HARMONICS AND BRILLOUIN DIAGRAM

Waves that travel along an axially periodic structure are es-
sentially subject to the electromagnetic field, represented by Flo-
quet’'s theorem [16], [17]. Given that the proposed guiding strut-
ture is periodic, Floquet's theorem can approximate the excit
surface currents on the periodic structure by summing an infinft

number of traveling-wave components (space harmonics). Si

the antisymmetric holes on the ground plane of Fig. 2 spatia
modulate the ground-return currents, the space harmonics of

EH, mode and the higher-ord&itl; mode should be included.
Therefore, providing the time-harmonic factér? is assumed,
the surface current, on the strip can be represented as

oo — 00
~ Jt o7 Y + o n’ + o7 3%,nY
Js = Jge ”0,0v’+§ Jo e T0nY + E Jo e oY

n=1 n=-—1
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where~E, (vi,) is the complex propagation constant of the
nth space harmonic of the dominalfitl, (higher-ordefH;)
mode, propagating along the longitudimadirection, andl, is

the periodicity of the leaky line. (See Fig. 2.) In (Z));fn(p =
0,1) andaf,n(p = 0, 1), respectively, denote the phase and at-
tenuation constants of theth-order space harmonic far =
0,+1,42,.... The phase constant of thegh space harmonic
is displaced byt (27/ds)n from the fundamental space har-
monic of order zerqﬁpf 0 andg, , denote the phase constants of
the corresponding forward and backward traveling unperturbed
EHy mode(p = 0) andEH; mode(p = 1) of the guiding struc-
ture. In (1), J5, and.J;}, components denote the current am-
plitudes of the fundamental dominaffH,) and higher order
(EH;) forward traveling waves (both with positive phase ve-
locity) of order zero, respectivelygfn (Jffn) denotes the cur-
rent amplitude of thexth higher order space harmonic that is
associated with the fundamental dominant (higher oFiéy)
forward traveling wave. Contrarily, the current amplitudes with

0@)g‘gativesuperscripts represent the¢h higher order space har-
g?c%pic that is subject to the fundamental dominant or higher

orderbackwardtraveling wave.
The matrix-pencil method [18] can be applied to analyze the
surface currents on the periodic structure as (1) assumes that the

ﬁ%rent distributions along the leaky line are of the exponential
waveforms along the longitudinal axis (tpalirection). There-
fore, the following expression is a valid approximation to the
surface currend;:

M
To(z,y) = Y Ji(w)erp(—jviy) M =1,2,3,... (3)
=1

hereJ,(z,y) is a known quantity and is obtained by solving
periodic structure as shown in Fig. 2 [15]is the extracted
8mplex propagation constant of the traveling wave compo-

twithout prior knowledgef the dominant modé&kH,), the
mgher-order modéEH, ), their space harmonics, or other expo-

tial waveforms. The integ@( in (3) represents the number

of traveling waves applied to approximate the currents on the
periodic structureJ;(z) is the extracted current amplitude of
theith traveling wave component at locationn the transverse
plane. The matrix-pencil analyses.bf, sampled by taking suf-
ficient points per wavelength along theaxis, should yield (al-
most) the same propagation constant at various transverse loca-
tions ofz. Extensive numerical studies of the particular guiding
structure show that 12 sampling points per guided wavelength
(Xg) in the y direction, nine equally spaced locations in the
direction, and 10 traveling componer{t/ = 10) will yield
a reasonably accurate estimate of the waves extracted from the
periodic structure. The values of the complex propagation con-
stants;y;, are nearly identical to within 1% accuracy, regardless
of which of the nine transverse locations is considered.

The dispersion curves of th&H, andEH; modes displayed
in Fig. 3 can be expressed in another form, with the phase con-
stants as the abscissa and the free-space wavenimbsithe
ordinate, and multiplying both by a constady,/27. The plotis
the familiar Brillouin diagram [16], [17], which is useful for un-
derstanding the propagation characteristics of the periodic struc-
tures. The dominarffHy mode, for instance, has a normalized
phase constant very close to 1.55 in the entire frequency band.
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Fig. 6. Extracted phase constartd/k,) of the single leaky line, employing the matrix-pencil method with ten traveling comporiédts = 10)
and superimposed onto the Brillouin diagram. The grayed frequency region is the leaky region of the first higher-ordéEHpddérom 9.4 GHz

(kod, /27 = 0.376) to 12.5 GHz(kod, /27 = 0.5).

Thus, the dispersion curve of th&H, mode, when displayed of the space harmonics of the unloaded air-filled TEM lines
in the Brillouin diagram, will be an almost straight line, beginis plotted to complete the background information on various

ning from the origin of the abscis$dd, /27) with a slope 0.645
(1/1.55), as theolid, black curve Iabeledyof0 in Fig. 6. How-
ever, the normalized phase constant of the higher-ofidér
mode, as depicted in Fig. 3, isdashed blackcurve,'yffo, in
the Brillouin diagram (Fig. 6). The dispersion curve of tith

types of space harmonics. Straight lines of slepd—1) are
plotted in red (green) and labeled &5, .. (Y7 zas.,,) Where

n = 0,41, +2,..... Notably, the points of intersection of the
red and green lines are &2n + 1)/2,0.5). The intersects
of these straight lines form an infinite array of (yellow) trian-

space harmonic is displaced thy: from the fundamental spacegles. The waves are bound inside the triangles; however, out-
harmonic in the Brillouin diagram. The top of Fig. 6 is labeled aside the triangles is theadiation region The space harmonics

the appropriate representations of the space harmogﬂ;:and
,, derived from the dominantEH,) and first higher-order
(EHl) modes of ordern(n = 0,41, £2,...), respectively.
The propagation charactenstlcs of space harmorﬁé@,,
Y s Y0, @ndyy,, are specified as [19].
Forward traveling waves (FTW > 0): v, 71", if n >
0, and%"n, Yo if n < 0.
Backward traveling waves (BTW] < 0): ¢, 71, if
n < 0, andfy(]"n, Vns if n > 0.
Forward waves (FW3-(93/0w)™" > 0): Vo Vims Yoms
andyin, if n > 0.
Backward waves (BW3 - (93/0w)™" < 0): v, 71,
Yoons and’y;n, if n < 0.
Following the previous notion, afamily of curve}zgf,n (Yo.n)s
are plotted at distance(—n) from ¢, (v,0) in the Brillouin
diagram. Similarly;" n (Y1) IS shifted byn(—n) from ~;",

in the radiation region are leaky waves. At the onset frequency
(12.5 GHz) of the higher-ordétH; mode, they;" o curve must
cross the straight line defined /k, = 1. Therefore, in the
Brillouin diagram, the space harmonlcsﬁf (or vy o) inter-

sect the TEM lines. The points of intersection must be at 0.5
of the ordinatg’kods /27) since the periodicityls (12.0 mm),

of the perturbations is chosen to be one half of the free-space
wavelength (24.0 mm) at the onset frequency.

The aforementioned space harmonics and triangles, thus,
constitute a template for understanding the propagation char-
acteristics of the periodic leaky line. The phase constants
(real parts) of the extracteg in (3) are also represented in
the Brillouin diagram as the dotted symbols in Fig. 6. Fig. 6
reveals that the extracted complex propagation constants in
the Brillouin diagram fall near the solid and dashed curves of
the template except at a few locations. That is, the extracted
solutions nearly coincide with the theoretical space harmonics

(71,0) for thenth- order space harmonic. The dispersion curva@tn andﬂy1 -, verifying the assumption in (1) and (2), that the
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TABLE |
EXTRACTED COMPONENTS OFVARIOUS WAVES OF FiG. 2 AT 11.5 GHz(kod. /27 = 0.46)

“Order of| ith space Normalized Normah.zed Normalized Beam angle Correspond.ing Propagation characteristics of
"Eq. (3) | harmonic phase | attenuation | current of leaky wave | SP3¢E harmonics of h -
4 constant | constant | amplitude Y Brillouin diagram space harmornics
. - . + Types
M l Bk o/ky ;) |6=sin” (B/ko) Yo P p— —
BW
seokokok ok ,ya-, 0 ‘/ 1/
-42.093° 75“’_1 v v
e 7,1+_1‘/ a
59.116° yf: 0 v v
EETT TS + ‘/ ‘/
Y311 J S SR SR S SUUSTRIURIRN ISR Yoo LYl Y
_____ BRI I 1Y
52.164° Yo Y
39.173° Y0.-1 v v
stk ’ ,y(’)"o ---------------- ;-/“-"“-;/" ------------
Heskok ok ,},1’_1 “--;)—"“""""""“-"“ -";/".“

EH, andEH; modes and their higher-order space harmonics The seventh column of Table | denotes the corresponding
approximate closely the current distributions of the leaky linespace harmonics as seen in the Brillouin diagram of Fig. 6.
Table | specifies the extracted traveling components @he types of the space harmonics are identified in the right-
11.5 GHz, assuming/ = 10, determined by the matrix-pencil most (eighth) column of Table I. The fundamentgl, has the
method, to supplement the loss of information about the amargest current component & 1 in Table 1). The backward
plitudes of the space harmonics. The third and fourth columiesaky wavesy; , (i = 2) andvy;"_; (i = 3) have the second
of Table | list the extracted normalized phase constant aggd third Iargést current compohents, respectivgly, makes
attenuation constant, and the fifth column gives the relativie fourth largest contribution to the excited currents of the leaky
current amplitudes. The normalized current amplitude is thiee (¢ = 4), and so on. The beam angles in the sixth column
ratio of the magnitude of the total current of tite traveling were determined by (5). Importantly, two leaky space waves
wave component to the largest total current magnitude. Theentribute primarily radiationy_, (i = 2) and~;, (i = 4).
fore, the normalized current amplitude in the matrix-pencil Furthermore, as stated earlier, the radiation region is outside the

method can be given by triangles bounded by the air-filled TEM waves (red and green
N lines in Fig. 6). Consequently, the space harmonics beyond the
I; ~ Z |Ji(z;)] - | Az (4a) onsetfrequency, 12.5 GHz, of th#l; mode are in the radiation
i=1 region, thus producing radiation loss beyond 12.5 GHz as the
_ I significant return loss withS,,| and RPA values as predicted in
I = (T) rpon (4b) Figs. 4 and 5, respectively. Subsequently, most space harmonics

. . _ . in the frequency band from 9.4 to 12.5 GHz (leaky region of the
N equals nine as explained earlier. Table | specifiestnzav- EH; mode) also fall into the radiation region (outside the tri-

eling wave component, according to the descending normall%|es) and thus radiate energy. These radiation characteristics

current amplitude. The smallest relative current amplitude is a&plain why the frequency band above 9.4 GHz dominates the
proximately 0.3% of the largest component, in contrast to 2.5%diation losses, as discussed in Section Il. However, in the fre-
17.4%, and 22.6% fak/ = 8, 6, and 4, respectively. Clearly, the

) . ) X quency band below 9.4 GHz, almost all space harmonics fall
series representation of the surface curréntas in (3), quickly

; _ inside the triangles and are bound.
converges asf increases} = 10 appear to be a good ap- ¢ ey investigating the current distributioh(z;) in the

pro>§|mat|on for extracting the _travellng wave component_s N ey nsverse plane of the various space harmonics reveals that the
particular case study. A traveling wave witly ko| below unity, symmetry of a specific wave will be altered by the presence of

must be outside the triangles of the E_»nlloum diagram _and thLﬁﬁ:isymmetric perturbations. For example, the longitudinal cur-
is a leaky wave. The beam angle of this leaky wave points to t t component 0%,70 is evenly symmetric; however, the longi-

positive (negative) axis if 0 < f3/ko < 1(—1 < f/ko < 0).  ydinal current component of the higher-order space harmonic
The beam angle of the leaky wave from the broadside is appPrYf-order —1 (vi_,) is oddly symmetric. Similarly, the longi-

imately tudinal current component oﬁfo is oddly symmetric but its
.1 (P I5] space harmonig;"_; shows an evenly symmetric current dis-
6 = sin — | for|—| <1 B) : . .
ko ko tribution. The oddly symmetrigy _; and~;, components are
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-80 60 40 20 0 20 40 60 80
@ (deg)
Fig. 7. Measured far-field radiation conto(It,,) of the single leaky-line prototype (Fig. 2) at 11.5 Gftontour step= 1 dB).

outside the triangles and lie in the backward and forward leal Or
regions, respectively. Accordingly, both of these two forwar: 5
and backward leaky waves of a single leaky line have the sar

polarization but differ in amplitude (see Fig. 1).

=
T 5F
IV. RADIATION CHARACTERISTICS OF THESINGLE LEAKY LINE £ ) | 968 Gz 1138 GHz
AND RADIAL ANTENNA ARRAY = : i
. . g 25 !
A. Single Leaky Line K . .
. . - . =30 |- !
This section relates the radiation beam angles predicted 30 : !
the space harmonics, as listed in Table I, to those obtained -35 |- d 1230 GH
measurement. The far-field radiation patterns, obtained by t ; ! ’ ‘
. -40 L— — -
near-field measurement system, are expresseel &nyd© [20] 9.5 10 105 1 1.5 12 125
e Frequency (GHz)
® = tan~ ' [tan(f) cos(¢)] = tan™" <Kw> (6) Fig.8. Measured return lo§tS:,|) of the proposed microstrip radial antenna
z array.

O = sin~! [sin(#) sin(¢)] = sin™*(K,). @)

waveguide probe at the scanner should coincide with the polar-
¢ and¢, in (6) and (7), are the angle parameters in spherigghtion of the antenna under test (AUT) for copolarization mea-
coordinates. In the near-field measurement sysf€mandK.  surement. A positive (negativé) of the radiation beam rep-
are thehorizontalanddepthcomponents in the K-space domainresents forward (backward) radiation in tihe(—y) direction.
respectivelyX, is theverticalcomponentk,, K, andK. can The theoretical results in Table | indicate that, with amplitudes
be defined in a spherical coordinate system in descending order, the first and second beams po#egfual

to —42° and+59° at ® = 0°, respectively. The main beam at

K, = sinfcos ¢ (8)  _42° is associated with the backward leaky wayg, ;, and
K, = sinfsin ¢ (9) the second beam with the forward leaky wayg . However, the
K. = cosé. (10) sidelobes contributed by the space harmonigsandy, , are

not obvious because they have small amplitudes, as extracted by
When measuring an antenna in the near-field measuremty@ matrix-pencil method. An open-ended leaky-line prototype
system, we set thg axis of the antenna in the vertical direcds built and tested according with the dimensions and material
tion. Thez axis and: axis are in the horizontal and depth direceonstant given in Fig. 2. The predominaiy component of the
tions, respectively. Therefore, = 90° (§ = 0°) corresponds leaky line manifests the horizontal polarization in the near-field
to® = 0° (© = 0° and® = 0°). The polarization of the measurement system. Thus;z plane is the H plane. Fig. 7
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@ (deg)

Fig. 9. Measured conical beam (in dB) of the proposed microstrip radial antenna array at 11 &@tHaur step= 1 dB).

plots the measured radiation contours, which show that the mair 0 1/\
beam points to-40° and the second beam 60° in © (at

® = 0°). Accordingly, the theory presented in the preceding
section agrees closely with the experimental results. The mea
sured directivity is 15.88 dBi and its 3-dB (half-power) contour
spans 64in ® and 15 in ©. (See the lower part of Fig. 7.) Such
an advantageous radiation pattern is applied for a low-profile
microstrip antenna array to construct a conical beam, since the
main beam is thin i® and wide in®.

\

/

\
P

| }

B. Radial Antenna Array 2

(dp) wiened uoneIpey IND-A

In view of the requirement for a conical-beam antenna, eight

leaky lines are applied to synthesize an antenna array with this
. . . . L -25

feature. Fig. 1 illustrates the basic operational principle of the 80 60 -40 20 0 20 31 40 60 80
radial antenna array: each leaky line radiates a main beam ir O (deg)
the backward direction and a second beam in the forward direc-
tion. Both beams have approximately equal 3-dB beamwidthig. 10. The vertical cut (V-cutp = 0°) of the measured conical beam in
in @, as depicted in Fig. 7. Although both beams have differeR@- °:
O angles, maintaining the colinear arrangement of the two op-
posite leaky lines, as indicated in Fig. 1, ensures that the coniedl4.3 dB at the 11.5-GHz operating frequency, also showing
beam is obtained and its 3-dB beamwidth widened. In practiggod matching characteristics. The bandwidth as defined by
a shorter leaky line than that described in the previous sectioniSs;| < —10 dB, is from 11.17 to 11.95 GHz, or approximately
used to shrink the antenna array, while maintaining the coni&B%. The polarization of Fig. 7 (single leaky line) is horizontal
beam. Therefore, a leaky line, possessing seven periods instead thus the radial antenna array has vertical and horizontal po-
of the fourteen periods of the leaky-line prototype with antisyntarizations simultaneously. Accordingly, we should measure the
metric square holes on the ground plane, is employed to foradial antenna array twice for the two different polarizations and
an eight-element radial antenna array. The eight elements @iren superpose the two far-field results to obtain the total field
equally spaced around a circle, as depicted in Fig. 1. An SM#attern. Fig. 9 depicts the measured radiation pattern of the ra-
connector is directly mounted on the backside of the antendial antenna array at 11.5 GHz, approximately showing a cir-
array and its central pin is soldered to the center of the front sidellar fashion ir® — ® plane. The circular pattern in Fig. 9 indi-
Fig. 8 shows that the measured input return losses-4f®3, cates a conical beam in spherical coordinates with a flare angle
—16.5, and—38.3 dB at 9.68, 11.38, and 12.30 GHz, respeepproximately equal to the radius of the circle. Thus the flare
tively, indicating good 502 input matching. The return loss isangle of the conical beam shown in Fig. 9 is°3The detailed
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{tan™" [tan(6) cos()]}” + {sin™" [sin(8) sin(¢)]}* ~ 62
or ®2+02~p%if § <0.7(rad) or § < 40°, with (A1)

Maz (\/{tan_l [tan(f) COS(¢>)]}2 + {sin™" [sin(6) sin(¢>)]}2> -0

< 2.3% (A2)

0

expressions are in the Appendix. The relative power level at thg2] V. Radisic, Y. Qian, R. Coccioli, and T. Itoh, “Novel 2-D photonic

center of the conical beam is aboull8 dB. Fig. 10 shows the

vertical cut (V-cut) of the conical beam @t = 0° for clearer

illustration of radiug. As seen in Fig. 10, the main beam of the
conical beam has a flare angle of3nd has a 3-dB beamwidth

bandgap structure for microstrip line$EEE Microwave Guided Wave
Lett, vol. 8, pp. 69-71, Feb. 1998.

K. C. Chen, C. K. C. Tzuang, Y. Qian, and T. Itoh, “Leaky properties
of microstrip above a perforated ground plane,/l&#tE MTT-S Int. Mi-
crowave Symp. Dig1999, pp. 69-72.

of 24°. The microstrip radial antenna array with a conical beam [4] A.Petosa andJ. S. Wight, “Analysis of a low profile slotted microstrip

can be applied for an indoor WLAN, mobile, and satellite ap-

plications.

V. CONCLUSION

This paper shows the controllability of leaky waves in th
form of space harmonics, by introducing perturbations of the 7
ground plane—namely, antisymmetric etched holes. The orig-
inal EHy andEH; modes supported by the otherwise ideal mi-
crostrip experience the space-harmonic modulations by the perI—B]

turbations from the ground plane. The space harmov]g‘,c_sl

and~;", of the leaky-line prototype are shown to contribute [
the main beam and second beam, respectively. The tilt ang|
of the measured main beam and second beam closely corre-
spond to the theoretical prediction derived from the Brillouin
diagram of the leaky line. Measurement of an eight-eleme
radial antenna array formed by four pairs of identical, colinear
leaky lines shows a conical beam. The conical beam has a flare

angle of 3% and a 3-dB beamwidth of 24at 11.5 GHz. Such

a pattern can be used for indoor WLAN, mobile, and satellitg13)

communications.

APPENDIX

15
By (6) and (7), numerical studies show that conical beams i+16}

spherical coordinates with smaller flare angleg® < 0.7(rad)
or § < 40°) nearly maps to circles with radiiin © — ® plane

with maximum discrepancies less than 2.3%. That is (see (A

and (A2) at the top of the page).

The radiif in (Al) and (A2) are presented by radians and
are converted to degrees shown in Fig. 9. Therefore, the pattern
shown in Fig. 9 is a conical beam with a flare angle equal tqi9]

66 = 31°).
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