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Microwave Modeling of Optical PeriodicWaveguides

THEODOR TAMIR, FELLOW,IEEE

A b.vtract-A design procedure and experimental method is presented for

modeling optical periodic wavegnides by means of more convenient paral-

lel-plate microwave configurations. These models are snitable for verifying

the beam-coupling properties of dielectric gratings that operate in the

fundamental TEO surface-wave mode. In particular, blazed gratings with

high coupling efficiencies have been constructed and their characteristics

have been measured. The results have shown that previously developed

design criteria, which are based on a simple Bragg-seattering approach, can

yield higfdy efficient broad-band beam couplers that are not subject to

critical fabrication tolerances.

I. INTRODUCTION

Periodic waveguides in the form of thin film dielectric gratings

deposited on thick substrates have been used [ 1] to couple optical

surface waves into outgoing leaky-wave beams. However, the

accurate measurement of their field properties is difficult to carry

out at optical frequencies because of the small wavelengths

involved. The purpose of this paper is to show that, by scaling

down to microwave frequencies, models of optical dielectric

gratings can easily be designed and constructed, so that their

leaky-wave operation cart be verified and their beam-coupling

efficiency can be measured with great accuracy. An additional

advantage of microwave models is that the grating profile can

easily be modified to explore dispersion over a broad frequency

spectrum.

When incident on a dielectric grating, a surface wave is con-

verted into a leaky wave that accounts for two beams, of which

one radiates in the region (usually, air) above the grating and the

other into the substrate region. Because only the beam in the

upper region is usually needed, the substrate beam represents an

undesirable loss. Previous studies have shown [1 ]–[3] that energy

is about evenly divided between the substrate and air beams if

the grating has a symmetric profile (e.g., rectangular or sinusoidal)

so that the theoretical coupling efficiency is around 50 percent.

However, the unwanted beam can be suppressed and the cou-

pling efficiency can thus be substantially increased [2]-[9] by

using gratings having suitable asymmetrical profiles, which are

referred to as “blazed” gratings in the optical literature. While

such dielectric gratings have already been studied [10], their

practical implementation has been slow because of difficulties in

constructing accurate asymmetrical profiles at optical wave-

lengths. By utilizing microwave models instead, the present work

has verified that efficient grating couplers can be constructed so

that they are insensitive to stringent tolerance requirements. As

anticipated in a preliminary note [11], the present results are
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consistent with an approximate Bragg-scattering approach to the

scattering properties of blazed gratings having triangular or

trapezoidal profiles [9], as well as with an exact analysis of the

pertinent boundary-value problem of such gratings [10].

II. ANALYTICAL CONSIDERATIONS

T’he geometry of a typical blazed grating for use in integrated

optics is shown in Fig. 1(a), where the refractive indices n, (with
i= a, r, f, andS) designate the air, periodic layer, waveguiding

film, and substrate regions, respectively. When regarded as a

beam coupler, the grating portion actually extends only to the

right of some plane x= XO; to the left of that plane, the periodic-

ity is absent, i.e., tg = O, and the layer of thickness t,acts as a

planar waveguide, which supports a surface wave characterized

by a propagation constant &W,. For incidence from the left as

shown, the periodicity at x> XO transforms the incoming surface-

wave field into a leaky wave that may generally account for

severaf outgoing beams in the air and substrate regions [3].

The leaky-wave field consists of space harmonics varying as

exp[j(ui —kX~x)], where

kyn =& + ~ –ja (n=o, *l, *2...) (1)

and a two-dimensional situation (E1/~y -O) is assumed, In prac-

tice, the leakage factor satisfies a K/30, while /30=&~. Also, the

periodicity d is chosen so that a single diffraction order prop-

agates, i.e., only the rz= — 1 component propagates to form a

single outgoing beam in each of the air and substrate regions. The

partition of energy between the two beams can then be expressed

by the fractional powers (or coupling efficiencies) qd and q, for

the air and substrate beams, respectively, which satisfy

TJa+?f, =l. (2)

To maximize the coupling efficiency into the air beam, it is

required to suppress the substrate beam and thus obtain qti -1

(i.e., 100-percent coupling efficiency) as q,+ O. To achieve this

aim, it is necessary to know q. in terms of the grating parameters.

While it is possible to obtain q. by solving the pertinent

boundary-value problem [10], such solutions are cumbersome and

require time-consuming numericaf computations if accurate

quantitative data is needed. For design purposes, however, Chang

and Tatnir have developed [9] a simplified approach outlined

below.

Recognizing that the outgoing beams are due to the scattering

of energy by the oblique facets of the blazed grating, we consider

the two sets of parallel planes inclined at the angles YI and Y2

with respect to the z-axis. In particular, as shown in Fig. l(b), the

set of planes inclined at yl scatter the incident flux by reflection

so that the partial contributions from the various planes interfere

with each other. For constructive interference, the total electrical

length of the segments -4B and BC must equal 2 r, which yields a

generalized Bragg condition

&.d+kOngdcos2y1=2r (3)

where k.= 2 vr/A, A is the wavelength in air and n ~ is an average
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Fig. 1. Surface-wave scattering by a blazed grating. (a) Typicaf grating con-
figuration, (b) Scattering of the incident energy by the set of grating facets
that aze inclined at the angle -yI.

refractive index inside the periodic region, as defined by

ff;=%=+j(%fhz)dx.
s o

(4)

Here C(x, z) = C(x + d, z) is the function describing the dielectric

constant, so that c~ is the (volume) average of that constant inside

the periodic region.

For the situation shown in Fig. 1, condition (3) for y] applies

to a beam at an angle f3ain the air and a similar condition holds

for y2, which then accounts for a substrate beam. To suppress the

latter beam, only condition (3) need be satisfied, while y2 should

be taken so as to produce destructive interference. This can be

most conveniently achieved [9] by choosing a right-angled trian-

gular shape having

y2=o (5)

so that y, =y~ is then given from (3) and (5) by

( )nK+N– A/d “2
tmyB=:=

g nz–N+A/d
(6)

where N=& J/2 T is the effective refractive index of the opticaf

waveguide.

While (5) and (6) represent a simple design criterion for

providing values of qd = 1.0 and q,= O, it is important for practi-

cal purposes to know how critical these conditions are. A consid-

eration of the stop bands associated with the periodic layer in

Fig. 1(b) then shows [9] that good blazing (T. >0.9) is maintained

even if incremental changes occur in the grating parameters,

provided that such changes fall within a range defined by

(7)

Here A(u) refers to the increment in the variable u with respect to

its value at y, = y~. Thus, when only A = c/f changes, (7) defines a

frequency band A f given by

‘f n2—n:
—=* r

f (2ngcos y~ )2
(8)

and similar results hold if one of the other parameters vanes.

Condition (7) therefore provides fabrication tolerances with re-

spect to the design-center values, whereas (8) specifically yields

the frequency band for good blazing properties, i.e., for effective

suppression of the substrate beam.

III. MODELING CONSIDERATIONS

Due to fabrication and/or mechanical constraints, optical grat-

ings usually involve the four different dielectric media shown in

Fig. l(a). At microwaves, however, it is possible to use a sim-

plified model consisting of a single dielectric material, with air

occupying both the upper and lower open ranges, i.e., n,= nf and

n,=na=l.

The modeling considerations are then sketched in Fig. 2, where

the simplified grating geometry is indicated in Fig. 2(a). The

incident surface wave assumed in both Figs. 1 and 2(a) is the

fundamental TEO mode, whose electric field is parallel to they

axis and varies as shown in Fig. 2(b). It is therefore possible to

place metallic walls as shown in Fig. 2(b), so that the TEO surface

wave becomes the fundamental TEm mode inside the parallel-

plate system. To ensure that higher order TE~ (m # O) modes do

not propagate, the overall grating thickness tf + tgis made small;

also, by choosing the plate separation b to also be small enough,

all higher order modes TE~~ (with m, n #O) are below cutoff in

the parallel-plate waveguide. In this manner, the field in that

waveguide corresponds exactly to the surface wave (and hence to

the leaky-wave fields) along the dielectric grating of Fig. 1(a).

To excite the TEm mode, we then note from Fig. 2(c) that its

field closely matches the TE,0 mode in a conventional rectangu-

lar waveguide having a narrow side equal to the separation b

between the parallel plates. Because of the dispersion relations

pertinent to the waveguide TE,0 mode and to the surface-wave

TEm mode, the second side a of the rectangular guide is larger

than the thickness tf+ tgof the dielectric grating. This further

favors a good match because, in both cases, the field amplitude is

largest and varies as a cosine in the central portion.

The considerations illustrated in Fig. 2 led to the X-band

modeling implementation sketched m Fig. 3, where the x, y, z

coordinates are oriented in the same fashion as in Figs. 1 and 2.

The parallel-plate system consists of aluminum sheets separated

by small polyfoam supports, with microwave power being fed via

a conventional X-band flange. To provide a smooth transition

from the TE,0 waveguide mode first to the TEOO surface mode

(r, =0) and then to the leaky-wave field along the grating (r,

finite), the periodic portion is located far (about 10A) from the

flange connection. The dielectric waveguide and grating is made

of teflon with n,= n~ = 1.414. To further improve the field match,

the dielectric line is tapered at both ends, as indicated in Fig. 3

for the output portion. For clarity, the input taper is not shown;

its length is about 5“ (over 4A) and about half that length

extends into the rectangular guide.

As the parallel-plate system is open with respect to the z

direction, the field was probed along x with simple detectors. One

detector on each one of the two sides was used, but only the

right-hand detector is shown in Fig. 3. By placing the dielectric

grating at the center of the parallel-plate system and by using

appropriate calibration, these detectors have provided the follow-

ing data.

1) Field-strength readings on the two sides (right and left with

respect to x); this yielded the power ratios qa and q, for the “air”

and “substrate” regions, respectively.

2) Variation of the field amplitude as a function of x; as this
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Fig. 2, Considerations for microwave modeling. (a) Simplified grating geome-
try. (b) Field variation and placement of grating inside a metalfic paraHel-
plate wavegaide. (c) Field variation in rectangular waveguide used to excite
the mode in (b).
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Fig. 3. Parnllel-plate setup for measuring the fields supported by grating
, structures,

variation agreed well with the expected exp ( —ax ) leaky-wave

behavior, the value of a was easily extracted from the measured

data.

Such measures were taken for several teflon gratings, with

typical results being discussed below.

IV. THEORETICAL AND EXPERIMENTAL REMJLTS

Based on the above modeling considerations, the teflon wave-

guides can be built by first choosing a tfic~ess ‘f So as to

support a single surface wave and then designing the appropriate

grating profile prescribed by (5) and (6). Relations (7) and (8)

then assess the frequency bandwidth and the geometrical toler-

ances allowable for good blazing performance (q. ~ 0.9). The

parallel-plate setup of Fig. 3 can e~perimentally verify the actual

value of q. and it can also provide the leakage parameter a wfich

is not given by the Bragg-scattering analysis of Section II. While

this procedure was applied in the present case, for which ~= 10

GHz was used as the center-design frequency, exact values of

both TIa and ~ have also been separately found by a numeric~

evaluation of a theoretical solution [10] of the pertinent bound-

ary-value problem.

Typical examples are shown in Fig. 4 for two separate gratings

that, differed only in their tooth height tg, both being char-

acterized by an effective refractive index N= 1.097 at 10 GHz.

For the entire X-band, the periodicity d= 1.75 cm then satisfied

I kx, - ,I<k. and Ikxnl >ko for all n# – 1, thus ensuring that only
the n= – 1 space harmonic propagates, as discussed after relation

(l). In this case, the leaky-wave radiates in the backward direc-

tion, as is also suggested in Fig. 1(a). The height ig = 3.04 cm of

the larger grating was chosen to comply with conditions (5) and

(6) at 10 GHz. We then notice from Fig. 4 that this larger grating

~ iimr)a(lo)

f(GHz.)+

Fig. 4. Efficiency q. and normalized leakage a~ as a function of frequency f,
for two blazed dielectric gratings.

shows an excellent agreement between the theoretical result [10]

shown by the solid curve, and the experimental data shown by

crosses. In particular, the theoretical value of qa at 10 GHz is 99.5

percent while the experimental result is 97.7 percent, with a peak

of 98.4 percent measured at 10.5 GHz. More importantly, all

measured values of qa are higher than 94 percent over the entire

frequency band under consideration. In fact, relation (8) yields

A f/f= YO.22, which specifies a range 7.8<f< 12.2 GHz. Thus

while the measurements could cover only about 3/4 of that

range, they have verified well the effectiveness of the Bragg-

scattenng approach that led to relations (5)–(8).

To check the sensitivity of q. on the grating parameters, a

second grating with smaller ig = 1.75 cm was measured, as shown

in Fig. 4 by the dashed curves for theoretical results and by the

dots for the measured data. Based on relation (7), tfis large

change in tg is still within the range allowed for good blazing

operation. While Fig. 4 shows that the efficiency qa for su~h a

grating deteriorates at the lower frequencies, the predicted good

blazing behavior at the center frequency is confirmed. In fact, the

pertinent theoretical result is q.= 98.8 percent while the experi-

mental data is 96.5 percent at f = 10 GHz, with even higher values

at the higher frequencies.

To further check the sensitivity of TJaon the grating parame-

ters, the upper portions of @e grating teeth were machined down,

thus leading to trapezoidal shapes as shown in Fig. 5. In this case,

the design criteria (5) and (6) are not changed, except that now n ~

varies with tg according to (4), which yields

()n’-n’ ~_&2=~201 r a
~g s 2 tgo

(9)

where the second subscript O denotes values at the design center,

i.e., before the teeth have been decreased in height. Inserting this

into (7) and using the equal sign therein, one gets

tg_ 1

tgo– l+cos2yB
(lo)

where now tg refers to the minimum value that still satisfies (7).

For the grating with tgo = 3.04 cm in Fig. 5, one then obtains

tg/tgo= 0.57, for which qa is predicted by exact calculations [10]

to be 98.5 percent. A closely measured result is 97.2 percent and,

furthermore, we observe that the measured data of q. are larger
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than 90 percent for all tJfgO >0.45. As in Fig. 4, theoretical

results for the larger grating are shown in Fig, 5 by solid curves,

while measured data are given by crosses.

The grating with smaller tgO = 1.75 cm has been similarly

measured, as also shown in Fig. 5. As expected, the blazing

performance (shown by dashed lines and by dots) now de-

teriorates more rapidly as tg is reduced because this grating does

not satisfy the Bragg condition (6) even at tg = tgo. Nevertheless,

the smaller grating shows measured values of qa >90 percent for

tg /tgO >0.62, thus confirming well the large permissible toler-

ances predicted by condition (7).

In both Figs. 4 and 5, the measured values of q. are smaller

than the theoretical ones, but this is due to unavoidable stray

radiation and to scattering from discontinuities; this scattering

produces detected fields that are somewhat stronger than those in

a truly open geometry such as that of Fig. l(a). As a result, the

weaker field in the “substrate” was relatively more affected than

that in the “air” region, so that the measured value of q. was

smaller than that obtained in the absence of stray scattering. By

inserting suitably placed absorbers inside the parallel-plate sys-

tem, this deleterious effect was substantially reduced but it was

impossible to suppress it completely.

To further explore the sensitivity of q. on the grating parame-

ters, other grating configurations were constructed and measured,

with most of the relevant measurements being summarized in Fig.

6. Changes of X and d are equivalent and increments in these

quantities were restricted to 20 percent because larger values may

introduce higher order modes and/’or more than a single out-

going beam in the outer regions. The increment for ~g indicated

by (> 50 percent) in Fig. 6 is shown in brackets because it

represents only a conservative estimate based on measurements

for which q= was acturdly larger than 90 percent. The change in

n ~ = ng( d’) refers to that illustrated in Fig. 5.

The results summarized in Fig. 6 indicate that the design

criteria embodied in relations (5)–(8) are fully confirmed by

teflon gratings. However, theoretical results show [9], [10] that

they hold also for other dielectric materials and different config-

urations. This suggests that the present verification applies to a

wider class of grating structures.

V. CONCLUSIONS

The present work has shown that it is possible to model opticaf

periodic waveguides by analogous microwave configurations

which can more readily serve to measure pertinent electromag-

netic properties. In general, the present study has confirmed the

validity of simple design criteria that are based on a Bragg-

scattering interpretation of the grating operation; while these

criteria are consistent with accurate data obtained by more

sophisticated but cumbersome analytical methods, they have now

been shown to agree well with experimental results. In particular,

the microwave models of opticaf gratings have demonstrated the

possibility of constructing blazed grating couplers that enhance

the beam in the air region at the expense of the beam in the

substrate, thus achieving a very high coupling efficiency. These

couplers exhibit broad frequency band characteristics and are not

subject to stringent fabrication tolerances.
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Anomalous Low-Loss Transmission in a

Gas-Confined Dielectric Waveguide for Millimeter

and Submillimeter Wavelengths

KAZUYUKI YAMAMOTO, MEMBER,IB13E

A bstraet— A novel low-loss (gas-confined) dielectric waveguide for milli-

meter and submillimeter wavelengths was previously reported by the author.

The waveguide consists of a thin dielectric tube separating an interrtaf

high-dielectric-constant gas from an external low-dielectric-constant gas.

The attenuation constant of this form of waveguide usually increases with

increasing tube thickness. The thick tube is indkpensable for a mechrmi-

cally stable waveguide. In this paper, anomalous low-loss transmission

characteristics in a gas-confined dielectric wavegnide with a thick tube are

described. Some condkions are theoretically found where the attenuation

constant of the waveguide with a thick tube is extremely low, due to tight

field confinement witbin the internal gas. A quafkative explanation of the

operation mechanism is also given.

I. INTRODUCTION

Dielectric waveguides have received considerable interest in

recent years for millimeter and submillimeter wavelengths trans-

mission media. The advanta~e of the dielectric waveguides is that,

in these wavelength regions, waveguide dimensions are of an

order that can be easily fabricated and handled. However, the

dielectric waveguide suffers from a fairly large attenuation. In

order to bring the dielectric waveguide to practical use, it is most

important to reduce transmission loss.

In designing a low-loss dielectric waveguide, two loss mecha-

nisms, attenuation due to dielectric loss of materials and radia-

tion loss from bends, should be simultaneously reduced. The

transmission characteristics are closely dependent on waveguide

field distribution. The attenuation of the dielectric circular rod

waveguide is very small, if the wavefield energy exists almost

entirely outside the dielectric rod [1]. A small curvature of the

waveguide, however, will result in appreciable radiation losses.

The attenuation is decreased at the expense of radiation loss.

To overcome these difficulties inherent in the dielectric wave-

guide, the author previously presented a novel approach to obtain

a low-loss dielectric waveguide [2]. The waveguide consists of a

thin dielectric tube which separates art internal high-dielectric-

constant gas from an external low-dielectric-constant gas, as

Manuscript received November 18, 1980; revised April 16, 1981,
The author m with the Musasbino Electric Communication Laboratory,
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Fig. 1. Ccometry and dielectric-constant profile of the gas-confined dielectric
wavegoide. The waveguide consists of a thin dielectric tube which separates
an internal high-dielectric-constant gas from an extemaf low-dielectric-
constant gas.

shown in Fig. 1. The characteristic feature of this waveguide is

that the attenuation constant can be wnsiderably reduced without

incurring a radiation loss increase, because most of the power

flows within the low-loss internal gas and not in the dielectric

tube. The low-loss properties of the gas-confined dielectric wave-

guide have been demonstrated theoretically and experimentally.

Generally, gases, due to their low density, have much lower

dielectric constants and much smaller absorption coefficients

than solid dielectrics. If a dielectric tube is not so thin, most of

the power is confined within the tube and not in the internal gas,

and the wavegnide suffers from a fairly large attenuation. The

advantage of the gas-confined guide is brought about ohly when

the tube is sufficiently thin. Thin dielectric tubes, however, in-

volve problems with mechanical stability.

In this paper, the transmission characteristics of a gas-confined

waveguide which consists of a relatively thick tube are presented.

It is theoretically shown that there exist novel and anomalous

conditions where most of the power travels within the intemaf

gas and where propagation loss is extremely small. These phe-

nomena were originally suggested by Marcatili [3]. His analysis

was limited to extraordinary conditions. In this paper, the

anomalous transmission characteristics are more accurately and

clearly described.

II. TRANSMISSION CHARACTERISTICS OF

GAS-CONFINED-GUIDE

The geometry and dielectric-constant profile of the gas-confined

guide are shown in Fig. 1. Guided modes along the gas-confined

guide can be analyzed in a standard manner. To clarify our

results, discussions are limited to TEO. modes propagation. As-

suming a field with the time and z dependence of e’(o~–~=), axial

field components of TEO~ modes can be expressed as follows:

[

AIO(Kr) (or~JO(~r)), r~a

H,= SJO(ur)+TNO(ur), ~<r<b (1)

CKO(yr), b<r
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