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ABSTRACT

Periodic dielectric waveguide structures wereC&xten-

sivly analyzed and were understood in the conTxt of

integrated-optics theory. Recently, it has been alsoiemon-0
strated experimentally that this class of structure 5 offer

many advantages for use as millimeter-wave antennas. con-

sidera ble effort is currently under way to fully devV4 p its

potential. Making use of the available analytic metA' pre-

viously devised, we have carried out an extensive and sys-

tematic analysis of periodically corrugated dielectric

antennas. The results are exhibited in a way that is

most pertinent to millimeter-wave applications. On the

basis of the obtained numerical data, a set of design guide-

lines for the corrugated dielectric antennas Is established

herein.
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I. Introduction

A dielectric waveguide with a periodic perturbation, or

simply a periodic dielectric waveguide, has been shown to

hold substantial promise as a leaky-wave antenna for millim-

eter applicationsl1-5. Such an antenna structure may be con-

veniently fabricated on a uniform dieloctric wavegutde to

form a comapletely integrated mm-wave system. In additions

the dielectric leaky-wave antennas offer the advantage o4

electronic beam steering t 2 . Therefore, in recent years, a

considerable effort has been made for a better understanding

of- this particular class of antennas in order t6 explore its

appi Icat ions to mm-wave systems.

In this paper, we present a systematic analysis of the

periodically corrugated dielectric wavequide for use as a

leaky-wave'antenna for mm-wave applications. We recognize

that this class of structures has been extensively arnalyzed
for integrated-optics applications 7  such as beam-to-

surface-wave couplers, distributed feedback reflectors, and

filters. In fact, leaky-wave antennas and optical periodic

couplers are based on the same physical principle 4'7 and a

great deal of information on the basic wave -characteritics

of the optical devices can simply be carried over for the

understanding of the mm-wave antennas. However,because of

the substantial difference in the permittivity of the

materials commonly used in the tvo frequency ran es and

because of different processes by which these devices are
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con:-tructe.d, the desi gn proceduree for mm-wae an ten n:s

differ from that for optical couplers in many respects. The

main purpose of this paper is to make use of the existing

theoretical tools 4 '7 for developing design guidelines for

the particular class of corrugated dilelectric leaky-wave

antennas, appropriatly taking into account special require--

ments for mm-wave applications.

For mm-wave applications, a corrugated dielectric

antenna has ,at most, a few wavelengths in width, in con-

trast to thousands of wavelengths for most optical

couplers. Therefore, an optical periodic couller can be

formulated as a two dimensional boundary value problem that

may support independent TE or TM modes propagating normally

to the grooves of the corrugation. It has been showna,9

that to investigate the effect of finite antenna width, the

most basic problem to be solved is the guiding of waves pro-

pagating at an oblique angle in an infinitely wide periodic

structure. This is a three dimensional electromagnetic

boundary value pro'blem that supports only hybrid modet,

e.g., it requires the coupling between TE and TM modes.

Such a vector boundary value problem has been formulated8

and the propagation characteristics for the general case of

obli que guidance have been subsequently analyzed. The

effect of the finite antenna width on the perfornance of the

corrugated dielectric antenna has bcer, reported9 . It has

been shown8s 9 that for an antenna, structure o- finite width,*

the 1ongi tudi nal phse cor s tant is deter-mi ned l)y the
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unperturbed uniform waveguide and the decay constant does

not differ from that of the two-dimensional case, as long as

the width of the antenna is not very small. In this work,

we shall assume that the antenna width is large enough so

that the leakage constant car, be obtained from the simpler

normal guidance case.

2. Design of the periodically corrugated dielectric antenna

The configuration of a dielectric antenna structure is

shown in Fig.l. Such an electromagnetic structure has been

previously analyzed in the context of optical periodic

couplers 7 and many radiation characteristics of the struc-

ture have been known. The antenna structure is char acter-

ized by four parameters : the thickness of the uniform

region, t., the thickness of the corrugation region, tg, the

period of the corrugation, d, and the aspect ratio a = d1 /d.

Since the lengths can always be normal ized to the fret-space

wavelength, it is not necessary to consider the frequency of

the source as an independent parameter. On the other hand,

since a corrugated dielectric antenna is expected to be

fabricated from an originally uniform waveguide by machin-

ing, it is more appropriate to use the original waveguide

height h tg+tf as a parameter. This means that when the

waveguidd is machined, both t and t{ will change. There-

fore, it is necessary to in~estigate the combined effect of

change in tf and tQ on the propagation characteristics of
C

the antenna structure.
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Because of the periodicity of the leakl>-wave antenna,

the electromagnetic fields everywhere must consist of all

the space harmonics. For TH modes, we have

CP
Hy(x,z) - > In(z)exp(ikxnx) (1)

where I n is the n-th harmonic amplitude of the magnretic

field and <xn is the x-cnmponent of the propagation constant

of the n-th harmonic and is related to that of the fundzmen-

tal harmonic by

lxn = kXo + 2nnT/c= - jU + 2nir/d = n- jo( (2)

where P and O are the propagation and attenuation. constants

of the fundamental harmonic, respectively. It is noted that

the propagation constant of the n-th harmonic differs from

that oi any other harmonic but the attenuation constant, o(,

is the same for all harmonics. By solving the boundary

value problem, it has been shov.n that k 0 and the harmonic

amplitudes,IInln = 0,+1,+2,... , can be determined in terms

of the eigenvalues and eigenvectors of a coupling matrix

characterizino the corruoation region. For the given

antenna structure on a ground plane of infinite extend,

because tha energy can only radiate into the air region, it

is unnecessary to determine explicitly the ha'rmnonic ampli-

tudes, if we are interested only in the case of single beam

radiation. In the present study, therefore, we are left

with only the determination of the dispersion root k of

the antenna, For simplicity, kxo will be referred to as the

leaky wave constant. Since 0( may be used as a measure of

338



the rate of energy leakage, it will also be called the leak-

age or radiation constant, in constrast to the phase con-

stant

In the air region where the medium is uniform, each

harmonic propagates independently as a plane wave. The

transverse propagation constant of the n-th harmonic is

given by

zn - - xn (3)

For a very shallow corrugation or t very small, it is

intuitively expected that ko = k oneff, where

is the longitudinal propagation constant of the unperturbed

structure, as shown in Fig.2. Under such an approximation

and invoking (2), we obtain, from (3)

kzn kol - (neff + n0) 2 31/ 2  (4)

For only the n -I harmonic to radiate, we must have P,

real and all kzn imaginary for n -1. These condition.

can alternatively be expressed as

< d < -or neff>

<. t.<forfle2<
1\ff+ left + 0(

Under these corditions, th'e n -1 harnionic radiates into

the air region at' an angle (with respect to the 7-axi.)10
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0 rad sin-(P--I/ko) sin-'(neff -A/), (7)

The sig, o-' (rad determines the forward or backward radia-

tion. Although the above design formulas are derived under

the assumption that tg is very small , they also hold for to

large, if the normalized phase constant or the effective

index of refraction, neff, is accurately obtained for a

given t9

It :s noted that neff of a periodic dielectric

waveguide does not depend appreciably on the period d of

the structure. Eq.(7) shows that the choice of the period d

is simply determined by the radiation angle. Therefore, the

effect of the period d on the antenna performance will not

be further elaborated.

2.1. Effect of the corrugation thickness tg on the radiation

angle

As a uniform slab of the thickness h is machined, the

dielectric material is scooped out. As a result, the effec-

tive thickness ot the corrugated slab is reduced, and so is

the effective dielectric constant. It has been well

known4 '7 that the effective dielectric constant of the cor-

rugated slab may be simply determined by a uniform double

layer structure with the volume average of the dielectric

constant for the periodic corrugation region. As an exam-

ple, Fig.2 shows the effective- dielectric constant as a

function of the corrugation thickness for a periodic sij icon

slab wvlth the aspect ratio d1 /d -. $- In jqi,2, the sol id
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curves are for fixed thickness of the origional slab, h tf

+ tg as a parameter, whereas the dashed curves are for

fixed thickness of the uniform portion of the corrugated

structure. For example, In the case of an originally uni-

form slab of thickness h = 0.2N+a corrugation of the thick-

ness t9 / A = 0.05 and an aspect ratio a = d I / d = 0.5 will

result in an antenna'structtire with an effective dielectric

constant Eeff = 10, as marked by the cross labelled by A on

the curve for h /4 - 0.2 in Fig.2. The same effective

dielectric constant can be achieved by other combinations of

h and t values, such as h/X = 0.24 and tg /A - 0.1, as.

marked by the cross labelled by B in Fig.2. It is ntoted

that the dashed curves are useful for the design of other

types of structures, and will not be further elaborated

here. After C-ef = n2 is determined for a given antenna

structure, the radiation angle Is determined according to

(7). Thus, the set of solid curves provides the necessary

Information, for determining the dependence of the radiation

%ngle on the corrugation thickness.

2.2. Effect of the corrugation thickness on the radiation

constant

It has been known that the radi tion constant a is

proportional to t 2 for t small and reachei. a saturation

value for t litrge, if the guided-wave field is evanescent

in the coi-..ugation regi *on For the',aspect ratio d/d = 0.5,

the averLcge dielectric constait of thc- corrugation reci on is

341



save -- 6.5, and the guided-wave field is indee~d evanesccnt

in the corrugation region. The radiation cnstant as a func-

tion of the corrugation thickness is shown in Fig.3. Evi-

dently, the radiation constant c4 varies with the corrugation

thickness t in the fashion expected.

On the other hand, the fabrication of a periodically

corrugated dielectric antenna by machining changes not only

the thickness of the corrugation region, but also that of

the uniform region. Therefore, it is necessary to consider

the combined effect of the changes in both the thicknesses

of the corrugated and uniform regions. When a uniform

dielectric slab is cut to produce the corrugation, the

thickness of the remaining uniform region decreases at the

same rate as the depth of the g-ooves increases. Based on

Fig.3, it is clear that the leakage or radiation constant

will increase initially as the grooves are cut deeper and

deeper, However, because of the changing thic'kr.es.s of the

remaining uniform portion that affects the basic surface

wave, it is not clear at this point that if the radiation

constant is still too small, any further cut can be helpful

for achieving a larger radiation constant.

Fig.4 shows the variations of the radiation constant

and the radiation angle Grad as the thickness of the corru-

gation region tg is increased, +or the case of the criginal

thiclness h - 0.3 , the period d = 0.25A , and the aspect

ratio d1/d = 0.5. When the .roovo,.. are shl.llow (t9 sinal I)
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the sol Id curve shows that the radiation constant o(

increases with the groove depth, as expected. However,. o

reaches a maximum value at t 9 O.IX and then decreases a9

t is further Increased. Such a decrease in o( can beg

explained as follows As .t is increased, the renainino

uniform portion of the structure becomes thinner and thinner

and, as a result, the phase constant of the guided wave

becomes smaller and smaller. This phenomenon is exhibited

by the dashed curve for the radiation angle in Fig.4. More

specifically, the radiation angle increases in the backward

direction with increasing tg.Eventually, the antenna struc-

ture will cease to radiate in the backward end-fire dir-ec-

tion and the guided wave becomes totally bounded.

Fig.5 shows the results for a case of a thinner origi-

nal uniform slab, h = 0.:5A , while all other structure

parameters are Kept unchanged from the proceeding case.

However, it is interesting to observe that the maximum value

of c/ occurs at the same thickness of the remainirng uni.F crn

slab t+ 0.2 in both cases. In fact, this result holds

for any structure with d = 0.25a and d1/d = 0.5, as long as

the thickness of the original uniform slab is sufficiently

large.

2.3. Effect of the aspect ratio

The numerical result presented in the preceeding sec-

tion are all for, the caS.e of equal width for. the teeth and

grooves or the asp(c t ratic, di/d = 0.5, In the fabric tion
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rr oce.s, the tspec t ratio can bc easily contrc, llds if

, . Fcr co.nparison purrpo.e, the radiation constant c9 as

function of the groove depth t 1 tv. shown io Fi i.6 rci -in

or irnal uiiici r :1.b of ti - tiickne's h = -45A and the

period d .s in Fig.5, but with w-id.r tceth (d1 /d

.) or r,-'rower orooves. Wi th such a new dl-eLt ratco, the

attainabl- max imum vaiue of 0( is increz.-ed b; a ftctor of

L'uout 4 tio.i the e o+ dl/d = u,,, Lut th ,rcov.,_ hrie to

bt cut dKepei (t ' 0.1A ).
g

In urdwi to tilly understand the effect of the aspect

ratio, th r, ,i- t,,, n..tant as a function o the a. pect

ratio is inte tiaq ted dnd ' result. -i e plotted in Fig.7,

for the structure and parmetvrs indica-ted. In the two lim-

iting cases c.f the as.pect ratio dld = 0 and I, the

periodic structure becomes uniform and it is expected th: t

no radiation can occur. For optical structures with a rela-

tively Iow dielectric constant, it i: well known 7 that the

maxiinum radiation occurs at the aspect r.tic di/d = 0.5

For. nmm-wt.ve an ter, n as., however, the d Iec tr i c constant is.

relatively high and the field variation in the corrugation

regiorn depends strongily on the aspect ratio, and so does the

radi ation col:.tant, Fig.6 sh,,s thit the value of e< peaks

around thv aspect ratio dc '"d - ., instvad of di/d = 0.5 as

usual Iy Cxp1c ted. Such a sh i f t i r the aspec t ratio ca n be

c xpl ai ned quali tat i vely as folloos : For the Cgi vCn struc-

turc, the .field; in the corr-ugktion i eg i, n are evarne..icent

for the ..', ct rtio C ji/d 0l.'; ltier--tore, the :.urface wave
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is only weakly perturbed by the corrugations and the radia-

tion constant is small. When the aspect ratio is increased,

more surfce-wave energy is shifted to the corrugation

region, resulting in a larger perturbation of the surface

wave and a larger radiation constant. Thus, we may conclude

that for a larger radiation constant, the aspect ratio

should be relatively large (dI/d > 0.5) or the grooves

should be relatively narrow.

3. Discussions and conclusions

The radiation characteristics of thick corrugated

dielectric antenn-is are relatively insensitive to the change

of structure parameters. From the practical viewpoint, this

property will zfford a larger tolerance in .a mass production

of the antennas. On the basis of the numerical results

presented aibove, we may now establish the following general

ouidelines for the design of the corrugated dielectric

antenna structures:

(1) The thickness of the original uniform slab and the

period oF the corrugation are determined by the

desired radiation angle according to (7).

(2) For a uniform dielectric slab, there exists a

g roove depth t that yields a maximrnum value of
9

radiation constant; a de(sired radiation constant
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vnia l 1 ,l" tItar the nlh., imuIlJ vz I iUe may be re.l i zed

by a lr zip or r sinal Ier valutic of t., dcending L.i,

the radiation ancQle desired.

(3) t. ithin iIe corstiaint of the radi at i on ari,. .l, the

Slarcr - tihe thic kr, e.! of t he or iginaI unifo'r-+rn sl b.

the larcer the maximum value of the radiation

constanf o( achievable.

(4) "rher.e c-xistst a gr.oove uidth or art aspect ratio

tlat yields. a.maximum vitlue o-f the radiation

corstarnt 0. znd a smallet, value of- o may be

realized by adjusting the aspect ratio.

(,) Fo, t urniform dielectric slab of larger thicne.

an! Iigth dielcectric cor, - at.t, the m.ximurrl v alue

f c uc ur-s. ,it h t lIe g r- o v v  i it h mal e 1 cr th a

tIne tc, tLh ,idth . I , ot..er ,.ord., cu t ti ng the or. o v,,,e

wi t 1' a I oeur v'Ii ( i I r,I y no ,t help i ,ctiease tl,

r .,d i L t i on c' i-. t .r .

Ii :; tdc i , thcv: ,' ,r.r~t, . I:,o.,, we I, ':C c -' r i C1

ou 1 e: -,I i I I w r.un n* i C Z, I t I! C. i f, r ;.~ : I* .' 171
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sit U ti1on s. In particual ,for the case of relatively th In

an tEnn a structures, the radiation characteristics are gen-

erally much more sensitive to the change of structure param-

eters, and each structure has to be quantitatively evaluated

individually. Therefore, general design guidelines for thin

corrugated dielectric antennas are difficult to deve~lop.
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Fig. 1. Geometrical configuration of corrugated
dielectric antenna.
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Fig. 3. Variations of radiation constant vs. corrugation depth tg
for fixed thickness of the uniorm region.
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Fig. 4. Variations of radiauon constant vs. corrugation depth
for tf+tg=0.3X, d=O.Z5X and d,=0.5d.
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352



0.20 0.20 tf/X 0.15 0.10

-90

0.15 -

/
//

ax / /60

0.10 -rad

T: - o

7: 0-12. 3
0.05-I

tf +tg =0.25X

d - 0.25X

dl 0.8d

0.0 0.05 0.10 0.15

Fig. 6. Variations of radiation constant vs. corrugation depth
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