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Mode Distinction and Radiation-Efficiency Analysis
of Planar Leaky-Wave Line Source

Yu-De Lin, Member, IEEE,and Jyh-Wen Sheen

Abstract—Using the first microstrip-line higher order mode as of phased array is a modified printed-circuit version of offset-
an example, mode distinction and radiation efficiency of leaky- groove-guide leaky-wave antenna in [5]. In [6], space-wave
wave line sources in the radiation region are presented in this leakage phenomena from higher order modes on various planar

paper. The spectral-domain approach is used to calculate complext ission-li truct ith duct id I
power flows, leaving the line source in the transverse directions ransmission-iine structures with conductor sidewalls were

and those guided down the line source. By observing the behavior investigated.
of these complex power flows in different frequency regions, the  There is much effort made to obtain the complex propaga-

leaky-wave line source can be distinguished into the antenna tion constants of leaky modes of uniform open waveguides. In
mode and the reactive mode in the radiation region. Experimental [5], the mode-matching method and the transverse equivalent

results are shown to confirm this mode distinction. Moreover, - .
by comparing the power carried away by the surface and the network were used. In [7], [9], the familiar spectral-domain

space waves, radiation efficiency of the first microstrip-line higher analysis was used, with the appropriate choice of branch cuts
order mode of various structural parameters is analyzed. The and integration contours. In [7], the propagation region of
microstrip line is more efficient as a leaky-wave line source when the microstrip-line higher order modes is divided into three
its substrate is thin, the dielectric constant of the substrate is low, frequency regions with decreasing frequency:

and the antenna main beam is away from the end-fire direction. .
1) bound-mode region;

Index Terms— Leaky-wave antenna, first microstrip-line 2) surface-wave region, where the guided mode leaks
higher-order mode, radiation efficiency, space wave, surface . !
wave. power into the surface wave supported by the sur-
rounding dielectric waveguide;
3) radiation region, where the guided mode leaks power
into the space wave as well as into the surface wave.

When the phase constant of the guided mode in the leaky-wave
DUE to their simplicity in fabrication, the leaky modesjne source is smaller than that of the free-space wavenumber,
” of uniform open wavegu.ide§ are very suitable for higfhe mode is in the radiation region [2], [7]. In [3], Oliner
millimeter-wave antenna applications. There are two ways fRjinted out that the first microstrip-line higher order mode
create the leaky modes of a uniform open waveguide. Opeihe radiation region with a larger attenuation constant is
is the employment of the higher order modes of the structukgctive and below cutoff, and has a different mode nature
The other is by periodically creating longitudinal perturbationgom that with a smaller attenuation constant. Therefore, this
Possible applications of uniform open-waveguide leaky modggjiation-frequency region can further be divided into two
as a leaky-wave antenna have been intensively investigajggions with decreasing frequency: the antenna-mode region
both theoretically and experimentally in [1]8]. In [1], €X-yhere most of the guided power leaks away in the forms of
perimental verification of a microstrip-line higher order modgIoace wave and surface wave, and the reactive-mode region,
leaky-wave antenna was conducted without explaining tghere most of the power is reflected back to the feed line.
physics underlying the design of the antenna. In [2], [3], Olingh gesign of leaky-wave antennas, this distinction of mode
explained the physics underlying the leaky-wave antenfaire in the radiation region is essential since the antenna

design constructed in [1], and presented analysis data fgficiency is low in the reactive-mode region. In [8], feeding
the antenna design. In [4], a two-dimensional (2-D) scanningctyres are designed for the excitation of the first microstrip-
linear phased array is proposed and analyzed by a tee netwgrk higher order mode. Experimental results show that in the
in a transverse resonance method. This leaky-wave line sowggiation region, there is the antenna-mode region and the
reactive-mode region, as described above.
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to undesired crosstalk with neighboring circuits. Therefore, z
analysis of radiation efficiency is essential in the design of the
leaky-wave antenna. There are few research results concerning

the radiation efficiency of planar leaky-wave line sources. hd

In [10], Lee uses the mode-matching method to analyze th& :

radiation efficiency of a microstrip line with a top cover. For L x; er I h
convenience, the dielectric layer in the outside region of th G ————————

microstrip line is neglected, and the radiation efficiency is

obtained by the ratio of the power radiated into the TENIO- 1. Geometric configuration of the microstrip line.

mode to the total radiated power. Thus, the analysis in [10] is

only an approximation and not rigorous. Also, Lee’s statement ) _ ) )

that the total radiated power is almost all in the form of#here (z, y, z) is the observation point(zo, yo, 0) is the

a space wave in the radiation region when the thickne$@Urce pointk., &, are the spectral variables in the-
between the ground plane and the top cover is very largedRd y-direction, G is the spectral-domain Green’s function
not entirely correct in some cases. In this paper, we will u§é'e to infinitesimal electric dipole, which can be derived
a rigorous approach to analyze the radiation efficiency of th¥ the procedure described in [12] is the function of
microstrip-line leaky-wave antenna by comparing the amouthie transverse variation of currents.on microstrip line, and
of power being radiated into the space and surface wav@s?‘”d a are the. phase and attenuation constants of the first
respectively. The analysis is similar to that used to analypaicrostrip-line higher order mode. The propagation constant
the radiation loss and the surface-wave loss of microstl%‘d the transverse variation of currents are precalculated by the
discontinuities in [11]. Also, the mode nature in differenfamiliar spectral-domain approach [13] before the evaluation
frequency regions will be distinguished by examining thef the fields. After simplification, the fields on the observation
power propagating in different directions. In Section II, th@lane atz = 0 are as follows:

spectral-domain approach is employed to calculate the fields.

Under the assumption that there is no wave mutual reactidh, y, -(0, v, 2)

in the far-field region, the fields corresponding to the excited 1 [T -

surface and space waves can be obtained, respectively, by ar g/ (G, ya, 22 (=B + 0, Ky, 2)J(ky)

appropriate choice of integration paths. In Section Ill, complex ~ ~ »
power flows propagating toward different directions in the + Gy, yy, 2o (=BT oy, 2My (k)™ sy
radiation region are used to distinguish the mode nature in 3)
different frequency regions. An experiment is also performed,. , .(0, y, 2)

to confirm this mode distinction. In Section IV, the radiation 1 [tee
efficiency associated with the geometric parameters and the= %/ [Gfm,ym,m
antenna main-beam direction will be discussed. =

— o0

(-/34—]04, kyv Z)Jl’(ky)

+ég1,yy, Zy(_/3+ja7 ky7 Z)jy(ky)]ejkyy dky
(4)

Il. CALCULATION OF FIELDS AND POWER FLOWS
where J is the Fourier transform of.
A. Calculation of Total Fields In order to correctly obtain the total fields, the integration
ontours in (3) and (4) must be properly chosen to satisfy
the physical conditions in different propagation regions. Fol-
lowing the analysis described in [7] and [14], we can obtain
these integration contours, shown in Fig. 2, by requiring the

For the microstrip line shown in Fig. 1, the fields are give
by the following equations:

Eay,2(2, 4, 2) continuity of the solutions when the material loss is changed
1 Hw/2) phoo pteo oo from a high-loss case to a low-loss limit. Here, we denote
472 —(w/2) /_Oo /_Oo /_Oo ks as the propagatioq constant of the.surface wave supported
-[GE (k& 7)(3_1'8*’0_”0‘] (40) by the surrounding dielectric waveguide ahgl as the free-
Ty seE T o space wavenumber. In the bound-mode redién> k), the
+G£y,yy,zy(kl‘7 ky, z)e 20000 ] (yo)] migration of the surface-wave poles and the branch points
. ko (y=yo) pike (z=20) g1, dk, dxo dyo (1) When the material loss is changed from a high-loss case to a

low-loss limit is shown in Fig. 2(a). No deformation of the

2y, #(25 Y, 2) integration contour is needed to ensure the continuity of the

w/2 (a9} (a9} (a9}
_ L/H /)/+ /+ /+ solutions. In the surface-wave regigk, > 3 > ko), the
472 —(w/2) J—co Joco Jooo situation is as shown in Fig. 2(b). The surface-wave poles
,[@gx o ol ey, Z)G—Jﬂl‘o—oéﬂfojm(yo) move fr_om quadrants 1l and IV to quadrants Ill and I. The
H — 380 —azo integration contour has to be deformed as shown to assure the
+ Gy, yy, 2y (Fes by, 2)e™ Jy(yo)]

continuity of the solutions. In the radiation regidhy, > 3),
-k (ymyo) gk (@=w0) gLk dixo dyo. (2) the situation is as shown in Fig. 2(c). The surface-wave poles
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Fig. 2. Spectral integration contours and migration paths of poles and branch points for different propagation regions. (a) Bound-mode region. (b)
Surface-wave region. (c) Radiation region. (d) Spectral integration contours and branch cut in the right-plaihe used to calculate the constituent
fields in the radiation region.

and the branch points move from quadrants Il and IV tdhey are in the form of
guadrants Il and I, respectively. The choice of the branch cut

and the deformation of the integration contour in the right-half E?}, 20,9y, z v)
k,-plane are shown in Fig. 2(d). The corresponding choice _ {Res[ E e (=B 90, kys, 2 )]j( )Cgkysy
of the branch cut and the deformation contour in the left- Y

E kys
half k,-planes follows the same reasoning. In the radiation +ReS[Gwy vy, 2y (=B 00 Ryss 2)1Jy (~ s)ere?
region, the portion of the deformed integration pdgy, —Res[Gfx o, 2 (=B + 30, —kys, 2)|Jx(=kys)
shown in Fig. 2(d), corresponds to the excitation of surface e Ikyay

waves supported by the surrounding dielectric waveguide.
The portion of the deformed integration patk,, shown in - ReS[ny vy, 29 (=B F 300 —kys, )]J (=Fys)

Fig. 2(d), corresponds to the excitation of space waves in e Ikusyy (5)
the open medium. For the movement of poles and brancrHSW (0, y, 2 V)

points and the choice of branch cut, more details can be

found in [7] = _j{ReS[ T, YT, 41;( /34—]04 ky57 )]j ( )ejkysy
+ReS[GgJ gy, 2y (B F 00, kys, 2)]Jy (ky 5 )erkusy
: : . — Res[GH 3 —kys, 2)| e
B. Calculation of the Constituent Fields S,y 20 (=B + 900 —kysy 2)]a(=hys)
) o ] ) .o ysy
If the observation point is in the far-field region and no -

field interaction is assumed, the total fields can be classified Res[Gw Yy, 4,( =B 4 30, =kys, )]J (=kys)
according to their propagation properties as the excited surface ce IRy} (6)

and space waves, respectively. These outgoing traveling waves

contribute to the total field by including some portions oivhere k2, + (3 — ja)? = k2.

a plane-wave spectrum in the spectral-domain integrationin calculating the fields in the radiation region, the choice
contour. In the following analysis, superscrip¥v denotes of branch cut in the right-halt,-plane, as shown in Fig. 2(d),
the surface wave, superscriftA denotes the space wavejs arbitrary, but it must obey the following two constraints.
superscripfNR denotes the nonradiative wave, and superscripirst, the cut must approach infinity asymptotically along the
T denotes the total waves including the surface, space, amhative imaginary axis. Second, the cut must pass through
nonradiative waves, respectively. The fields due to the excitgdadrant | and then cross the real axis to quadrant IV [15].
surface wave can be obtained from the residues in (3), (4) Buch cuts do not separate the spectral sheet from the non-
choosing the integration contolyyy in the right-halfk, -plane  spectral sheet in the complél,-plane. The spectral sheet
in Fig. 2(d). The corresponding choice of the integratioand the nonspectral sheet are defined by letlitegu) > 0
contour in the left-halfk,-plane follows the same reasoningandRe (u) < 0, respectivelyx is involved in the terme=**
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Fig. 3. Closed contours used to find the finite power flows toward different directions.

in the spectral-domain Green’s functions and is defined aansverse direction away from the microstrip line. They are

(B — jo)? + k2 — k3 [12]. The plane-wave spectrum lyinggiven as

on the spectral sheet satisfy the radiation condition (fields pNR (0, y, 2) :ETy (0, y, 2)

2 Y, 2 ~

exponentially decrease upwardly), but those on the nonspectral
sheet do not (fields exponentially increase upwardly). In order

to calculate the fields due to the excited space waves, the H. 5 (0,4, 2) =H, , .(0, ¥, z)

branch cut must be properly chosen to separate these fields
from those contributed by other excited waves. Therefore, the

- Eiﬁ;,z(ov Y, Z)

SW .
- Eac,y,z(ov Y, 2)7 (9)
SA
- Hx,y,z(ov Y, Z)
SW
- H (0,9, 2). (10)

plane-wave spectrum lying on the nonspectral sheet definedAdfough these nonradiative fields are not outgoing fields, they
Re (u) < 0 contributes to the excited space wave. The fieldday an important role in power coupling. When the leaky
due to the excited space wave can be obtained by choosiRgde is propagating, the power carried by the nonradiative

the integration patlis s in the right-halfk,-plane as shown in
Fig. 2(d), and are expressed as

EA, (0, y, 2)
2 e EAGRo
(GE, o (=B g0, kg, 2)Ju(ky)
T éfyyyy,zz;(_ﬁ"‘]a, key, 2)Jy(ky)]e™¥ diy; (7)
H3Y, (0,9, 2)
. 1
7 e
(GH, o (=B g0, By, 2)Ju(ky)
+ GH (=B s Ky, 2)Jy(Ry)]e™ dbsy. (8)

Y, YY, 2y

For the sake of convenience in numerical integration, trbeb

fields will eventually be transferred to the excited surface-
and space-wave fields, resulting in the fields exponentially
decaying in the propagation direction.

C. Calculation of Power Flows Toward Different Directions

In the radiation region, the fields of an infinitely long
microstrip line increase exponentially in the transverse direc-
tion, indicating that there is a nonphysical infinite source at
x = —oo. Therefore, the power densities away from the mi-
crostrip line will diverge with increasing distance between the
microstrip line and the observation point. In this situation, we
use finite closed contouf'l, shown in Fig. 3(a), to calculate
the finite complex power flows toward different directions,
including that propagating down the line in the longitudinal
direction and those traveling away in the transverse directions.
The finite complex power flows in the finite region are
tained by performing the integrals of Poynting vectors in

branch cut in Fig. 2(d) is chosen as a vertical line starting fromﬁerent directions. These integrals are given as follows.

the branch point. The fields corresponding to the nonradiativeThe totalz-directed powePT

waves can be obtained by choosing the integration path

(in the longitudinal direction)
enclosed by contou€'1 in Fig. 3(a) is

in the right-halfk,-plane, as shown in Fig. 2(d). The planar-
wave spectrum of the nonradiative waves does not contribute
to outgoing waves. These fields decrease exponentially in the

Pr = %//(ET x HT*) -1ty dz dy.

(11)
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The total y-directed power per unit Iengﬂﬁ’yT (in the trans- 1E
verse direction sideways) outward, normal to the closed con- path 2
tour C1 in Fig. 3(a) is [

g ( ) o I!’ r path1

— — E -
T 1 T T ~
P, = 5/1 (E* x H'™) -1y d. (12) 5 o1 Bt ] Ih Il-lh
Y +

: : - < =7 GHz 1
The total z-directed power per unit lengtF; (in the trans- '°;. er=2.32 -
verse direction upward) outward, normal to the closed contour ‘é w=15 mm /,/‘
C1 in Fig. 3(a) is ] h=0.794 mm P

g 001 JPd
T _ 1 0T 7T\ | 3 = P
P =3 /l (E* x H'™*) -1, dy. (13) = " Btalon%fathl
* et e £§IW+P along path 1
Under the assumption that there is no wave interaction ""Bsﬂogxam

happening in the far-field region and the property that space, 0.001 Latoneatuanar, SO 00 2P alone path 2
surface, and nonradiative waves are orthogonal to each other 1 2 3 4 5 6 7 8 9 10
(this assumption will be proven to be proper in the following r ()
SeCtlon)’ constituent portions of the power can be Obtamedlﬁ& 4. Real power densities for different distaneealong different paths
follows. used to check the power conservation in the far-field region and power

The power per unit length due to the excited surface, spadgration in the near-field region.
and nonradiative waves propagating outward, normal to the

contoursC’2, C3 in Fig. 3 are the distance in Fig. 4. The distance corresponds to the sizes

. e s of contoursC2 an . We can see that the difference between
sw 1 W SWar f sC2 andC3. W hat the diff b
=2 ) these two power densities decreases with farther observation
P C(E x H ) ndc (14) h d d h farth b
. istance, and is negligible if the contours are placed farther
a1 ea | msA di di ligible if th laced farth
Pt = 5/ (E°% x H3%) - dvde (15) than 10\,. Fig. 5 shows the outgoing power density of the
¢ nonradiative waves as a function of the observation point. The
PR =1 / (ENR x HNB*) L f de. (16) power densities of the nonradiative waves decay exponentially
c

with increasing distance, indicating the power eventually
In the far-field region, the nonradiative fields approactarried by the nonradiative waves being transferred to surface
zero and the nonradiative power can be omitted. Thereforeaves and space waves. Therefore, if the distaniselarger
by choosing the closed contours2, C3 lying in the far- than 10\, the total power density is almost equal to the sum of
field region, only the excited space- and surface-wave powdhe excited surface- and space-wave power density. It indicates
still propagate toward the transverse direction. The radiatitimat the power conservation is satisfied and the assumption that
efficiency can then be analyzed by comparing the amountstbére is no wave interaction happening in the far-field region

the excited surface- and space-wave powers. and the property that space, surface, and nonradiative waves
are orthogonal to each other is valid. For observation paths
D. Power Conservation and Interaction Check in the insets of Figs. 4 and 5, different heights of path 1 and

) . . o different elevation angels of path 2 are also tried, and the same
In the near-field region, field distributions are very compli- R
?enomena as shown in Figs. 4 and 5 are observed.

cated and there are mutual coupling of fields due to differeR
wave modes. Due to this field interaction, the total outgoing
power density along different paths, shown in the inset of
Fig. 4, might not be equal to the sum of those of the excited By employing the closed contou?1, shown in Fig. 3(a),
space and surface waves if the observation point is not fae can calculate the power flows propagating toward different
enough. The observation paths in the insets of Figs. 4 andlitections. The closed contours used here can be arbitrarily
can be chosen arbitrarily by obeying the following rule that ithosen and verification of the mode nature is not influenced
goes away from the center of the structure transversely. In thigthe choice. The propagation constants of the first microstrip-
paper, the choice of straight paths is for simplicity. The choidime higher order mode are obtained (using the spectral-
that the height of path 1 is equal tol/ is for avoiding more domain approach with an appropriate choice of integration
complicated numerical calculation of fields at the dielectricontours as in [7]) and are shown in Fig. 6. Validity of
interface if we choose the height equal io Here, we will our numerical data has been affirmed by checking with data
first check how far away the closed contodrg, C3in Fig. 3 in [2], [3], and [7]. The power flows propagating toward
should be placed to ensure that the amount of the powerdifferent directions are shown in Fig. 7. In the bound-mode
the nonradiative waves has decayed to the amount of bemegion (3 > k;), the normalized attenuation constant is
negligible, and the total power can be divided into the excitemro. No imaginary power propagates toward the propagation
surface- and space-wave power, respectively. Fig. 4 shows thiection (-direction) and no outgoing power propagates
real power densities of the total outgoing power and the sumtofvard the transverse direction. In the surface-wave region
those of the excited surface and space waves as a functiorfiaf > 2 > ko), very little imaginary power propagates

I1l. M ODE DISTINCTION IN THE RADIATION REGION
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F_ig. 5. Real nonradiative power de"s“‘:es for Qiﬁerent distanceslong Fig. 6. Behaviors of the normalized phase constants and the normalized
different paths used to check the power interaction. attenuation constants of the first microstrip-line higher order mode with high
dielectric constant substrate and low aspect ratja.

toward the propagation direction and only very little power 45 08
propagates transversely toward theirection, indicating that ——Im®PxTyRePx T)

only surface-wave leakage occurs. In the antenna-mode region e, eee- Re(Py T ¥Re(Px {)

(8 < ko, 8 > «), the attenuation constant gradually changes . N Re(Pz TyRe(®x )

and has a small value. The imaginary power propagating ’ er=102 106
toward the propagation direction is little compared with the § 3} ., hw:g.g's“mm ] §
real power propagating toward the propagation direction, and & | oy
there is little power propagating transversely towardithand E i —_ rp 04 S
z-directions, indicating that both the space-wave leakage and g I b g
the surface-wave leakage occur. In the reactive-mode region g ;5. g
(8 < ko, B < ), the attenuation constant changes rapidly and

has a large value, resulting in increased transverse outgoing ! 1°2
power. However, this does not mean the radiation becomes .

stronger, since the imaginary power propagating toward the “'-\
propagation direction is large compared with the real power 012 S ‘12'5‘ Smae 1‘3‘ e 140

toward the propagation direction. The fields are reactive and frequency (GHz)

the mode is almost cutoff in nature. Therefore, the large value _ _

of attenuation constants in this region is due to the nature Frﬁag 3(g;)’rv”;i?r']'Zheighpgi"gl‘zrci'r?(‘:"’cso‘;’gtz'rr“teguggtﬁgteece"‘r’;eﬁj V‘;";‘gggtsz;t"i;”

cutoff modes in guided structures, but not due to the stronger

leakage. Also, the leaky mode does not contribute to the fielgs the antenna-mode region and the reactive-mode region

when the attenuation constant is very large. mentioned above are based on this reasoning. Therefore, if
Since the microstrip line is not a closed waveguide, theretise operational frequency point is chosen before the cutoff

no clear-cut cutoff frequency point to distinguish the reactivérequency point, a small portion of real power or almost no

mode region from the antenna-mode region. Here, we defiregal power can propagate toward the propagation direction, and

the reactive-mode region as the frequency region in which theost of power will be reflected back to the feeding structure.

imaginary power propagating toward the propagation directionTo confirm the mode distinction described above, the

is larger than the real power propagating toward the propagmaicrostrip-line leaky-wave antenna fed by conductor-backed

tion direction. Therefore, the cutoff frequency point roughlgoplanar strips was constructed. A conductor-backed coplanar

corresponds to the frequency point where the imaginary poweaveguide to conductor-backed coplanar-strips transition

and the real power mentioned above are equal. It is found tle&rcuit was also used in the antenna feeding structure. The

the frequency point where the attenuation constant is equalcitcuit configuration is shown in the inset of Fig. 8. The

the phase constant is almost the same as the frequency ptgfative permittivity of the substrate és = 10.2. The substrate

where the normalized imaginary power propagating towatdickness is equal to 0.635 mm. The geometric parameters are

the propagation direction is equal to one. It remains so evas follows:

if different closed contours are used. Therefore, the cutoff CPS: strip spacing= 0.557 mm

frequency point can be obtained from the crossing point of the strip width = 0.386 mm

dispersion curves of the phase constants and the attenuatioMicrostrip line: strip width=3 mm

constants without calculation of power flows. The definitions strip length= 66.66 mm.
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Fig. 8. Return and insertion losses for different propagation regions in tHitg. 9. Power dissipation for different propagation regions in this experi-

experiment. ment.

The return and the insertion losses of the circuit are shown in !
Fig. 8. As shown in Fig. 8 (in the reactive-mode region (from [
dc to 12.7 GHz) from Figs. 6 and 7) the return Idsg;) is 9 F
high and most of the power is reflected back into the feed line. [
The power loss along the leaky-wave antenna circuit is shown W
in Fig. 9. As can be seen, in the antenna-mode region (from &~
12.7 to 13.7 GHz) most of the power is radiated. The ripples in :%
the reactive-mode region in Figs. 8 and 9 are due to the excited <E\=

-

dominant microstrip-line mode in the antenna, which results nr

from the even coupled microstrips mode being inadvertently [

excited from the coplanar waveguide (CPW) to continuous 60 | — €=232, w=15 mm, h=0.397 mm '
phase-shift (CPS) transition circuit. Some conductor losses [ ---- £r=2.32, w=15 mm, h=0.794 mm 3
are also observed in Fig. 9. Experimental results obtained by 0 €c=2.32, w=15 mm, h=1.191 mm i
feeding the microstrip-line leaky-wave antenna with a slotline 50 L bittttasadsrssasasal . ol
also confirm this mode distinction. The results are shown in 0 02 04 Ao 0.6 08 10

[8], and will not be repeated here.
Fig. 10. Radiation efficiencies of the first microstrip-line higher order mode

as a function of the normalized phase constant with different substrate

IV. RADIATION EFFICIENCY OF THEFIRST MICROSTRIPLINE  thicknesses.

HIGHER ORDER MODE AS A LEAKY-WAVE ANTENNA

Due to orthogonality of waves, the total power of the leakyf these parameters influences the antenna efficiency is very
wave line source in the far-field region can be divided intonportant and must be understood in designing a leaky-wave
the excited surface- and space-wave power. The radiati@ntenna. Additionally, how the antenna efficiency depends on
efficiency of first microstrip-line higher order mode can bghe main-beam direction should be understood. Therefore, in
analyzed by comparing these two types of excited powetbis paper, we use the fact@y'ky, which determines the main-
In this paper, we choose the closed-contdi2, shown in beam direction for analysis. The relation between the factor
Fig. 3(b), to calculate the excited space-wave power, and gk, and the main-beam direction is as follows:

closed-contou’3, shown in Fig. 3(c), to calculate the excited 3
surface-wave power. The distances between the observation 6 (elevation angle}= cos™* <k_> a7
points and the center of structure for contotf3 and C3 are 0

chosen to be 30y for the numerical convergence. where the elevation angle is defined as the angle between the

In designing a leaky-wave antenna, two factors must Ingain-beam direction and the end-fire direction.
predetermined: the main-beam direction and the operationallhe efficiencies in different structures are compared accord-
frequency. For a fixed main-beam direction, an antenna dpg to their main-beam directions. The radiation efficiencies
erating in the desired frequency point can be achieved hye also shown only in the radiation region where the attenua-
choosing different antenna aspect ratios and substrate dieledidn constant is less than the phase constant (the antenna-mode
constants. Different combination of these structural parameteegiion). The radiation efficiencies due to different aspect ratio
will lead to different antenna efficiency. How the variationv/h and 3/ke are shown in Fig. 10. Here, the efficiency of
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Fig. 11. Radiation efficiencies of the first microstrip-line higher order modgig. 12. Radiation efficiencies of two first microstrip-line higher order modes
as a function of the normalized phase constant with different dielectrigith different structural parameters, operating in the same frequency band.
constants.

the leaky-wave antenna is determined by the ratio of power
radiated into the space waves to the total power radiated into
the space and surface waves, which shows that the radiation !
efficiencies are poor, with highi/ko. Since high3/k, results 80|
in a small angle between the main-beam direction and the [

end-fire direction, little space wave can be excited by the :i I
phase-matching condition (the excited waves must have the :%'60.-
same phase constant in the longitudinal direction as that of & }
the leaky mode). Also, the radiation efficiency is better in { f
the structure with higher aspect ratio/h. The radiation -

40F ——&r=2.32, w=15 mm, h=0.794 mm

efficiencies due to the different dielectric constant atyd
---= &r=4.64, w=8.7 mm, h=0.794 mm

are shown in Fig. 11. They show that the radiation efficiencies
are also poor with higlt/kq. The radiation efficiency is also [
better in structures with lower dielectric constant. The variation 20
in radiation efficiency due to different dielectric constants is 0 02 04 B 0.6 08 10

very small if the dielectric constant approaches high value, as

shown in Fig. 11. Finally, from Figs. 10 and 11 the following-ig. 13. Radiation efficiencies of two first microstrip-line higher order modes
statements are deduced. The radiation efficiency is better""liw different structural parameters, operating in the same frequency band.
structures with lower dielectric constants and higher aspect

ratio w/h. Radiation efficiency is also better when the main- V.. CONCLUSIONS

beam direction is away from the end-fire direction. Therefore, , . - .
. : : .. ' The mode nature of the first microstrip-line higher order
if we use different structures to operate the microstrip-line

leaky-wave line source in the same frequency band (as shoWRde as an _example of a plgnar Ieaky-wgye Ime_ source has
in Fig. 12), we can find that the radiation efficiency will bé)een theoretically and experimentally verified. Finite closed

better with lower dielectric constant and higher aspect raﬁ:(s)r!tours are |n.troduced.t0 galculate the.power flows propa-
w/h, as shown in Fig. 13. Fig. 13 is obtained by transformin%at'ng toward different directions and avoid the divergence of

the frequency variable in Fig. 12 into the varialfigk,. The Power due to the nonphysical infinite source:at —oc. From
same radiation efficiency, by using low dielectric constaiifeése Poynting vector integrations, the radiation efficiency has
substrate, can be achieved by increasing the aspect r&¥eP been fully analyzed. o _

w/h of structures with high dielectric constant. Although According to the mode nature, the radiation region can be
the radiation region of a microstrip leaky-wave antenna wiflyrther divided into two regions following our analysis in this
e, = 2.32 is from 6 to 8.2 GHz, and that with, = 4.64 paper. In the frequency region where the attenuation constant
is from 7 to 8.2 GHz (as shown in Fig. 12), the ranges ¢$ small, we find the imaginary power propagating toward
the main-beam directions are not quite different, as showe propagation direction is small and there is some power
in Fig. 13. Namely, in low dielectric constant structures, theropagating toward the transverse direction. This frequency
radiation region and the variation range of the main-bearagion can be defined as the antenna-mode region. In the
direction are wider, but the frequency scannable sensitivityiequency region where the attenuation constant is large, we
is poorer. find that the field is almost reactive, with very little real power
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propagating down the propagation direction. Therefore, th@®] N. K. Das and D. M. Pozar, “Full-wave spectral-domain computation
Iarge attenuation constant is due to the cutoff nature and not ©f material, radiation, and guided wave losses in infinite multilayered

printed transmission linesfEEE Trans. Microwave Theory Techol.

due to radiation. In fact, if the attenuation constant is very 39 0, 5463, Jjan. 1991.
large, the leaky mode does not have physical meaning andl K. S. Lee, “Microstrip line leaky wave antenna,” Ph.D. dissertation,

does not contribute to the fields. This frequency region can B‘i]

Dept. Electrophysics, Polytechnic Univ., Brooklyn, NY, 1986.
T. S. Horng, S. C. Wu, H. Y. Yang, and N. G. Alexopoulos, “A

defined as the reactive-mode region. generalized method for distinguishing between radiation and surface-
After investigating the dependence of the radiation effi- wave losses in microstrip discontinuities|EEE Trans. Microwave

ciency of the first microstrip-line higher order mode on th

Theory Tech.yol. 38, pp. 1800-1807, Dec. 1990.
T. Itoh, Numerical Techniques for Microwave and Millimeter-Wave

main-beam direction and the geometric parameters, we find the passive Structures.New York: Wiley, 1989, ch. Ill. _
radiation efficiency is poorer, with the mean-beam directio@3] T. Itoh and R. Mittra, “Spectral domain approach for calculating the

dispersion characteristics of microstrip line$fEE Trans. Microwave

clo§e . to th.e. end—ﬂre d|rec_t|on. Add|t|onr?1lly, we fmd thg Theory Tech.vol. MTT-21, pp. 496-499, July 1973,
radiation efficiency is better in structures with lower dielectri¢i4] J. Boukamp and R. H. Jansen, “Spectral domain investigation of
constant and higher aspect rmh and the aspect ratim/h surface wave excitation and radiation by microstrip lines and microstrip

disk resonators,” irProc. 13h European Microwave ConfNurnburg,

domlnat_es the variation of radiation eff|C|e_ncy |f_ the main-  Germany, sept. 1983, pp. 721-726.
beam direction is fixed. From the above discussions, sevefid] J. M. Grimm and D. P. Nyquist, “Spectral analysis considerations
design criteria can be outlined as follows. First, the structures 'élevant to radiation and leaky modes of open-boundary microstrip

transmission line,""EEE Trans. Microwave Theory Techiol. 41, pp.

with low dielectric constants and high aspect raiigh are 150-153, Jan, 1993.
better choices due to higher radiation efficiency and larger vari-
ation range of the main-beam direction, but in such structures,
the frequency scannable sensitivity is poorer in applications
of scanning antenna array. Second, the employment of the

first microstrip-line higher order mode in the regions wher~ Yu-De Lin (S'88-M'91) received the B.S. degree

the main-beam direction is close to the end-fire direction al in_electrical engineering from National Taiwan
h the att ti tantis | than th h University, Taipei, Taiwan, R.O.C., in 1985, and

where the attenuation constant 1s larger than thé phase cons y the M.S. and Ph.D. degrees in electrical engineering
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