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Periodically Slotted Dielectrically Filled
Parallel-Plate Waveguide as a Leaky-Wave Antenna:
E-Polarization Case

Chang-Won Lee and Hyon Son

Abstract—The analysis of a periodically slotted dielectrically poorer as either the strip width or the slot width portion of a
filled parallel-plate waveguide as a leaky-wave antenna for in- period becomes larger than the other. Recently, the dielectric-
finite and finite periodic structures for the E-polarization case <ot \waveguide leaky-wave antenna was analyzed by use of
is discussed. For the analysis of the infinite periodic structure, . . .
an integral equation in which Floguet's modes and the strip a multimode network theory [4], which was developed in
electric current satisfying the edge condition are used and Bloch [5]-[7]. In this analysis, the strip-grating discontinuity was
wave analysis using the single-slot equivalent circuit parameters reduced to a multiport network, the elements of which were

are used. Integro-differential equation with moment-method and given in closed form. Thus, this method is very efficient for
transmission-line analysis with equivalent circuit representation solving the infinite periodic structure.

are used to analyze the finite N-periodic structure. Results of X .
interest such as complex propagation constant and the radiation The_ purposes of this paper are to propose another integral
pattern for the finite slot number case are observed to be in equation method that gives solutions without the above con-

good agreement with those of the infinite geometry case for the straints and to obtain an approximate method that is based
appropriately chosen values of slot numbers, slot width, period, o the use of the equivalent circuit representation of the
and waveguide height. . . .

single slot. The methods proposed are summarized as: 1) the

Index Terms—Bloch wave, leaky wave, parallel-plate wave- ynknown surface current density on the strip is expanded
guide. into a product of a series of Chebyshev polynomials and a
function satisfying the edge condition and the fields in each

region (guide and half-space) are expressed as a summation

I. INTRODUCTION of the space harmonics; boundary conditions are imposed at

ECAUSE a periodically slotted dielectrically fillegthe interfaces and a homogeneous linear equation system is
Bparallel-plate waveguide (often called metal-strip-loade?Ptained from which the eigenvalue (complex propagation
dielectric antenna) as a leaky-wave antenna has advantsgistant) is computed and 2) a single slot on the upper plate
such as unidirectional radiation, narrow beam, and a be&hthe parallel-plate waveguide is replaced by the equivalent
scanning property, the structure has been the subject CHEUit parameters proposed in [8] and the equivalent network
several investigations. of the infinite periodic structure is then obtained by use of the

Jacobsen [1] considered bof and H polarization cases. single-slot equivalent circuit parameters. In this representation,
His results, however, are restricted to strip widths smdhe mutual coupling effects of the slots are not taken into
compared to a wavelength. His method of approach consistgaetount. Bloch wave analysis [9] is applied to this equivalent
numerically solving the approximated transcendental equatipgtwork and the complex propagation constant of this infinite
obtained by use of Hertzian potentials under the assumptieeriodic structure is obtained.
that the strip width was narrow. Another approach to the Up until now, most works have been devoted to the charac-
problem was employed by Collin [2]. He obtained two formgeristics of the infinite geometry and so the feeding geometry
of solutions, approximate and complete solutions, using thed finite effects of the structure have not been taken into
transverse resonance method and the approximate Greeaxsount. Hence, methods for solving the finite slot number
function method, respectively. His results, however, apply ontase are needed. The main objective of this paper is to consider
to the narrow slot case. Encinar [3] suggested a technigire analysis method for this case. For this case, two different
based on a mode expansion (for the finite thickness of theethods are proposed. First, an integro-differential equation is
strip) and point matching (for the zero thickness of strip) foset up for the unknown magnetic currents over the slots (for the
mulation. The efficiency of his method for the zero thicknessase of fundamental TE wave incidence); piecewise sinusoidal
strip in searching for the eigenvalues is observed to becofia@ctions are employed for expansion and testing in which case

the integrations appearing in the calculation procedure for the
admittance matrix elements and the total radiated power from

Manuscript received September 26, 1996. _ _ the slots are given in closed form. Therefore, accurate results
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University, Taegu, 702-701 Korea. or the radiation pattern and complex propagation constan .(|n.
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of the finite structure is constructed by use of the single-slot y
circuit parameters and then transmission-line analysis is used
to determine the complex propagation constant and radiation
pattern. In this paper, only' polarization will be considered, (Hoa) p region (1)

but similar procedure can be applied &b polarization [13]. d; /2 X
{Poret,) region (2) It
Il. FORMULATION
(@

A. Infinite Periodic Structure y )

For the infinite periodic structure shown in Fig. 1(a), the ‘ ®?
electromagnetic fields in each region can be expressed as a P
summation of space harmonics. The unknown surface current (Hos8o)

a
K—>1

density on the strip can be expanded into a product of a series ot otz " st x
of Chebyshev polynomials and a function satisfying the edge %ﬁk (o) ) ¢
(A ty 3

condition as follows:

= Ti(2z/a) a a (b)
J(a) =2 MmN s D <w<o (D) A
R /1 — (Qx/a)Q 2 2 Fig. 1. Geometry of the problem. (a) Geometry of the infinite periodic

structure. (b) Parallel-plate waveguide with periodic slots.

where f; are unknown coefficientsdy, = 5 — ja is complex

propagation constant to be determined, dix/a) denotes principle. The far-zone electric field emanated from a finite
the Chebyshev polynomial of the first kind. The continUsaction of infinite structure is given by

ity condition of the tangential electric field and continuity

and jump condition of the magnetic field due to the strip 1 2k > = HY

. —q5k 770 n

electric current are imposed at dielectric-air interfdge= £ & _COS<P<Jk0 + 2_> € Thop = Z Zfl :
. . . 4 J7p p = = Tr

0) and the tangential electric field is enforced to be zero , n=mee =0

on the conductor surfaces. The resultant equation for the Sinﬁnd/Qe_jMp/gl — 7 ImnrNao 4)

electric field (vanishing condition on the strip) is multiplied Kn 1— e dknp

jBoa V1= (2z/a)? i i ;
by e?%*T:(2x/a)/\/1 — (2x/a)? and integrated over the Str'pwheremn = B, — kosing, d = p — a, and N, is the total

r??,',SI;'/ The equation for the magnetic field is mult|pl_|ed .bglot number in a finite section of infinite periodic structure.
e’ P and integrated over one period. After considering

the orthogonality property and some algebraic manipulations, _. . iod
the following homogeneous matrix equation is obtained: B. Finite Periodic Structure

o The finite geometry of the problem is shown in Fig. 1(b).

Z fiZu=0, i=0,1,2,---. ) A slotted parallel-plate waveguide for the TE case where the

o electric field is polarized in the direction was previously
reported by Chuang [10] and Cho [11]. Chuang employed

Here piecewise sinusoidal functions for expansion and testing in
—komno H} H;p, the moment-method technique, and established a generalized
Ziy = Y Z T (3) matrix associated with the slot in closed form as opposed
n==—o0 ) to numerical integration. We use Chuang’s method [10] and
where extend his method to th& periodically slotted parallel-plate
I waveguide problemkg./e,t is assumed to be larger than
Yo = ——— + kyno and smaller than 2 so that only the lowest TE mode can
Jtan kynt propagate and it is assumed that the field in an infinite parallel-
oo - /“/2 T,(2x/a) e—i2nm2/p g plate waveguide is incident from the left onto the leaky-wave
" a2 /1= (22]a)? antenna and the right end of the structure is also assumed to
be terminated in an infinite parallel-plate waveguide. Hége,
kyno = \/kg — B2, kyn = \J&rhi — B2 ande, have the usual meaning. In region (2), the electric field
onwr I in an infinite parallel-plate waveguide incident from the left
Brn =P+ e = ko = wy/pogo- onto the leaky-wave antenna is
The asterisk £) stands for the complex conjugate. Since we Eine(@,y) = 2775 o7 sin %y ©)

are interested in nontrivial solutions, the determinant of (2)
must be zero. Enforcing this conditioi,and « are obtained. Where

The far-field radiation pattern of the grounded dielectric 2
leaky-wave antenna is calculated from the known tangential B =46 — <L> )
electric fields over each slot and by using the equivalence



LEE AND SON: PERIODICALLY SLOTTED DIELECTRICALLY FILLED PARALLEL-PLATE WAVEGUIDE 173

The desired integro-differential equation is obtained by enforthe elements o{Y,i:{] for the ith basis function of the:th
ing continuity of tangential electromagnetic fields over eadiot andjth testing function of thdth slot are obtained and
slot as follows: given by

ZH (3 My,) ZH?) 5 My) = Hoine()  (6) Yl =Yty (11)

where the superscript (1) and (2) refer to region (1) and (Dere
respectively, the subscrigft, n) refers to the: component of

the magnetic field across thgh slot of total V slots andM,, ~ ytil — __ _kO {(xl,j‘ + 2h)H£2) [ko(xl’j‘ +2h)]
(=E. ) is the equivalent magnetic current of thedirection ™" 2jsin /foh o e
component. The two terms of the left side in (6) are given in — 4( .+ h)HfQ) [k ( lﬂﬁ + h)]
[10]-{11]. Li (2
Now expand the unknown equivalent magnetic current of rcoskoh + 2z, Hy [kox ] (1 +2cos” ko)
thenth slot into the piecewise sinusoidal (PWS) basis function - 4|$r{i - h|H£2) k0|jprii - |
M, (") as ’ . : .
() Ny - coskoh + |a:l’14 - 2h|H(2) [k0|a:l’1i —20]}  (12)
sinko(2’ — @pie 1j o
Mn(wl) - Z{ O(Sink h 7 1)Pn”i_1($/) Y2 = Bn’Ji Z
i=1 0 it sin koh jm?sin koh 3”’
sin k'O(-Tn,i—I—l — .’17/) PP s ; gPp »J
kol P (") ¢V % {C—J,@m ko(agT T2 _ 4 cos Feohe 755 ko (29 +h)
(7) 27900 (1 4 2 cos? koh)
where P, ;_; are pulse functions defined by — dcos kohe ROl o mIBn Kol 201

‘ n_ 1, iz, <2’ <y (13)
Priza(e) = {0, otherwise

the segment lengtt and the coordinates,, ; are given by WHere (see equation at the bottom of the page) and

h=(p—a)/(M+1)andz, ; = (n — 1)p+ ih, respectively,
andV,, ; are unknown constants. We apply Galerkin’s method = V& — 1kot cot(ve, — 1kot)

to (6). In Galerkin's method, the same expansion and testin 1 1,

4 ) = ——————cot(ve, — lkot) + = Ve — 1kot).
functions are used. Therefore, we choose the following testing 2v/e, — kot cot(ve of) + g ¢ (Ve o)
functions:

Once the unknown coefficienfd, ; in the slots are known,

Ty i(x) =sinkolx —xy ;1) P j_1(x
L3() of ti=)Fei-1 (@) the complex propagation constant can be found (in an average

+ sin k0($17j+1 — l’)PlJ (.T) (8)

sense) by
By substituting (7) into the integrals in (6) and multiplying
(6) by each equation (8), and integrating the resultant equation Bav — Jotay = (LV1 — LVN)/[p(N —1)]
over each slot, the following matrix equation is established: V4|
; jln—— /[p(N - 1)]. (14)
[Vd] Vil = )- ©) Vil
The elements off., ;] for ith segment ofuth slot can be easily Here, Viy(1) is the magnetic current at the center of the last
evaluated as (first) slot
PP _ '
L, = 2k IA komni cos 312 koh P(;(Q)S Fol (10)  The far-zone electric field, which can be calculated from the
t ko( -5 ) known tangential electric fields over the each slot in region
0, if 27, > 2h
Bl = < kotsin(koh)d + 5= t[koh cos(koh) — sin(koh)|f, if =i =h
—kot sin(2koh)d — 5 [2koh — sin(2koh)] £, if 207 =0

$
[l

ey}

2

mm

qPP s —
g == (55)

1,3

xn 7 |$" i xl:j|
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(1) is given by

o ko -
B.x 27p sm koh z_:lr; Vim

cos(koh sin @) — cos(koh)
k% — (ko sin ¢)?

o dko(p—singzn 1m) (15)

Y, %
from which the radiation pattern is obtained. ’ (@)
Having determined the magnetic currents from (9), the time-
averaged incident powéP,,,. ), reflected powe(F,.), coupled linit cell: number n
power to the guide beyond the slotted reg{éh), and radiated
power from slots(P,.q) per unit width can be calculated by

the following expressions:

3PPy
-Pinc = /1_ (16)
4no
e w VIS 2
= V mF ippk
Pt _ [3{’Pt zr: Z V F+ ﬁppko)
4770 Jk tQﬁPP n=1m=1 e
Ym(l)' Yin(2) yin(z)-
ko [ al . ©
Pra = an rnFn rn k d
d 4710 / sy z:l Z o= <,0) v Fig. 2. (a) Equivalent circuit of the single slot. (b) Equivalent circuit of
n=lm=1 the infinite periodic structure. (c) Equivalent circuit of the finite periodic
(19)  structure.
where C. Bloch Wave Analysis
ot _ 2ko cos(¢Ch) — cos(koh) yicn 20 The equivalent circuit of the single slot is obtained by
nm(C) = sin koh k2= (2 ¢ ™. (20) the reflection and transmission coefficients of the dominant

mode (in this paper, the lowest TE mode in the parallel-plate
In (19), the radiated power is calculated by numerical iwaveguide) [8]. Fig. 2(a) shows the equivalent circuit of a

tegration over a semicircle of infinite radius in the uppegingle slot on the upper plate of the parallel-plate waveguide.
half-space. This numerical integration decreases calculatibhe normalized admittances of the circuit are expressed as [8]

efficiency because the integrand oscillates more rapidly as x[Y2 +1]
zn m INCreases. Using the expressions for the conservation Yi= Ya+1—y
of complex power [12] to avoid this numerical difficulty, this 1+ Oy — Tyl
integration can be expressed as Yo = FTa— 23)
14T
1 /2 . YL — +1ly
§Re / EXxXH"-ppdp 1-T'y
/2 x =YL - Ya.
N
1 . o .
—  Re Z/ M, H*dsb. 1) Here 'y and Ty are the reflection _angl transmission coeffi
cients of they component of magnetic field at the edge of the

slot, respectively, and are given by

The right side of (21) can be evaluated from the admittance - ’
matrix elements, i.eY,*/*. The radiated power can therefore T'(z) = T Z Vi B (8PP kg ) 7271 Ko
Ut 0 n=1

be expressed in another form as
N

— i + ( PP —§28 P kox
Prad TH(.’L’) = (1-— W nzz:l VnFn (/31 ko) c J&B17 ko
_ 1,7,1% 24
= e J2ko77081n (koh) ZZV ZZV“Y g ' . . . . "
n=li=l =1 j=1 where N is the basis function numbers of the single slot. The

(22) infinite periodic structure can be represented by the equivalent
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Fig. 3. Convergence of the complex propagation constant with number of Lo .
space harmonics and Chebyshev polynomials. Fig. 4. Electromagnetic fields over one period.

network as shown in Fig. 2(b) by use of the paramete%’mber of Chebyshev polynomials gives results with excellent
(23). Then the complex propagation constant of the periodi@nvergence.

structure can be determined by solving the following: To be certain thay and a converge to the right values,
we calculate the tangential electric and magnetic fields at the
i = A4 /A2 — 1 (25) interface(y = 0) for the same structure and plot in Fig. 4
when 40 space harmonics and 5 Chebyshev polynomials are
where employed. The tangential electric fields are identical on both
A= (1+Ya/Y1)cos B sides of the interface and vanish on the metal strip surface. The

tangential magnetic field is continuous over the slot region

and is discontinuous over the strip region due to the strip

and Bloch wave analysis [9] has been used. surface current der}s_ity, as shovyn in figure. Fig..4 .shows that
For the finite N-periodic siot case, the equivalent networfhe boundary conditions at the interface are satisfied and the

can be established by use of the single slot circuit parametBngletm i? sol\;ed ;ﬂ the right twa& 15 - 08 d
(23), as shown in Fig. 2(c) and then the slot voltages can b structure for the case of, = 15, t/p = 08, an

calculated by transmission line analysis. The radiation pattéth?’ — Oal l;s nﬂw conzidc?red. TTQ _da an(;jk — 5 diagrar_ni h
of the finite N periodic slot case can be determined by us tained by the method are plotted and compared with the

of the slot voltages and equivalence principle and reflecter((j’,sults given by [1] in Fig. 5, which shows good agreement.

transmitted, and radiation powers also can be calculated. For the finite periodic structure in Fig. 1(b), in the case
of p =5mm, ¢t =5 mm,e¢, = 3.5 f = 27 GHz, and

N = 60, the slot electric fields can be found by solving (9).
The magnetic currents (slot electric fields) at the center of
To test the convergence of our numerical method a structwach slot are shown in Fig. 6 with slot width as parameter.
havinge, = 3.5, p = 5 mm,a = 2.5 mm, ¢t = 5 mm, In Fig. 6, as expected, the amplitude of the magnetic currents
and f = 27 GHz is analyzed for an increasing number ofre observed to decay more rapidly as slot width increases,
space harmonics and Chebyshev polynomials. Fig. 3 showiich means that the attenuation constarihcreases as slot
the propagation constaft — j«) versus the number of spacewidth increases.
harmonics for different numbers of Chebyshev polynomials, The complex propagation constants determined by each
where the Newton—Raphson method is used to find the comethod as a function of slot width are plotted in Fig. 7, which
plex zerog — ja. It is seen that 30 space harmonics for anghows good agreement between the different methods. The

+7/2(2Y2 + Y7 /Y1 +1/Y1)sinBPa (26)

I1l. NUMERICAL RESULTS AND DISCUSSION
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Fig. 6. Variation of the magnetic currents at the center of the each slot.

phase constant§3) calculated by each method are almostg
same for all slot widths. However, the attenuation constan%
(«) agree well for narrow slot widths but not for a wide slot
width, which may be the result of neglecting mutual coupling.
In Fig. 7, for small slot width3 does not change appreciably
from the fundamental TE wave propagation constgft, but

an attenuation constant is produced that accounts for the ™, 2 p " 2 .
leakage of power out of the guide. In this structure, the leaky- Frequency|GHz]

Wa\./e mode is e.Sta.b“Shed in th.e Wavegwqe a.md half_Sp%g 8. Frequency dependence of thdth radiation angle and the attenu-
regions. The radiation characteristics of this kind of leakygion constant.

wave antenna for a finite periodic structure can be determined

from G, and a,y. o ) )

The radiation characteristics of the leaky-wave antenna arel N€ variation of the complex propagation constant with the
directly obtained fronRe(3_1) anda when only then = —1 -total. slot num.ber for the finite periodic structure is §hown
space harmonic is radiating. The angle of maximum radiati®h Fi9- 9- In Fig. 9, the phase constafif which determines
©m IS Obtained fromRe(_1), i.€.,¢m = sin™ [Re(B_1)/kol, the leaky-wave radiation angle is already almost same (within
and the beamwidth fromy. Fig. 8 shows the variation of 0.22%) with the value of the infinite case for a slot number
the attenuation constant and radiation angle; with the of ten. However, the attenuation constant, which is related to
frequency. It is seen that the radiation angle changes aimt beamwidth converges when the slot number is larger than
linearly, while the attenuation constant has less variation wig®. This explains that the maximum radiation angle is almost
frequency below 28 GHz and rapid change with maximuidependent of the slot number when it is compared with the
value above 28 GHz. In this figure, the results of Bloch wanefinite case. The converged values obtained by each method
analysis are well matched with those of the integral equatiamne slightly different but it makes no difference in practice.
up to 29 GHz, which means that the Bloch wave analysis hasThe radiation pattern calculated by (15) is compared with
failed for a wide slot width. that obtained by (4) in Fig. 10 assuming the slot field is the

—O— Bloch wave analysis

Integral equation

-60

0.00
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Fig. 11. Normalized power®;., P;, and P,,, versus total slot number.

O N o M

--®-- Transmission line analysis | In Fig. 11, we show the dependence®f F;, andP.,, on the

— Integral equation(infinite) slot numberN. In the case ofV = 60, 86.1% of the incident
power is radiated, 0.4% is reflected, 13.5% is transmitted to
the guide beyond the slotted region under the assumption that
00,%400,0% both conductor wall loss and dielectric loss is negligible.

b With incident powerP,,. normalized to unity,P; is ex-

~ pressed as

4.5 |-

40 le
{

o[neper/m]

3.5 %

Pt = C_Qaavlt (28)

3.0 n 1 1 1 n 1 n 1 L

slot number wherel; means the total length of slotted section. Value#’of
Fig. 9. Variation of the complex propagation constant with the total si@btained by use of (28) are also plotted with thesymbols
number. and compared with those obtained by direct integration over
all slots in the guide region in Fig. 11, which shows good
0 , , , , , agreement for large slot numbers.

—— Infinite{integral equation]

-~ - Finite|MoM] IV. CONCLUSION

Finite[transmission line analysis|

The analysis methods for the infinite periodically slotted

pesteSmm, a2 S dielectrically filled parallel-plate waveguide as a leaky-wave
£ =3.5, f=27GHz

-20 - - antenna, and the solving methods for the leaky wave from the
parallel-plate waveguide withy periodic slots excited by a TE
incident wave are proposed. In this paper, rigorous (integral
equation and integro-differential equation) and approximate
(Bloch wave analysis and transmission-line analysis using
ol ] equivalent circuit representation) methods for infinite and
-90 -60 -30 0 30 60 %0 finite periodic leaky-wave structures are considered. Results
oldeg] of interest such as complex propagation constant and radiation
Fig. 10. Radiation pattern. pattern for the finite slot number case are observed to be in
good agreement with those of the infinite geometry case for

same as for the infinite geometry, where the main beam angt%oroprlately chosen values of slot number, slot width, period,

. . .. and waveguide height. It is found that the Bloch wave analysis

and beamwidth are almost the same as those for the infinite L : -
. ) and transmission line analysis are the very efficient methods at
geometry case, but some discrepancies (though small) between

the finite and infinite cases are observed in the ran§e4&8. i ecg?llég?nzzs'gn stage where the leaky-wave radiation angle

This dn‘ferenge can 'be gxplalned_py the fa}ct that'the IeakyThe methods considered here are thought to be useful in
wave, which is traveling in the positive direction, radiates at g L
predicting the performance of the infinite geometry case at the

a maximum beam angle,, ~ —42° while the backward esign stage of the practically finite leaky-wave structure
reflected wave forms a (considerably weaker) beam in tﬁle 9 9 P y y '

direction ¢ = —¢,,.
The accuracy of the numerical results in this study is assured

by a check of the power conservation law [1] J. Jacobsen, “Analytical, numerical, and experimental investigation of
guided waves on a periodically strip-loaded dielectric sIHBEE Trans.
P.+ P, + Paqg = Pine. (27) Antennas Propagatvol. AP-18, pp. 370-388, May 1970.

Relative power[dB]
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