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Abstract —All-dielectric ridge waveguides may be useful as elements of ing guides and couplers to obtain the desired characteristics. The principal
millimeter- and submillimeter-waye integrated circuits; A planar metallic method used is simulation in the range 2-7 GHz. We find that with good

V-coupler can be used to couple energy between the guide and small circuit compromise designs, typical coupling loss between wayegttide and a small

elements such as dksdes. Desirable characteristics in such a Wide/coupler device is atrmrt 1.4 dB, exclusive of dielectic 10SS and ohmic IOSS in the

system are a) quasi-single mode propagation; b) low radiation loss in coupler.

bendy c) low coupling loss between guide and devices and d) adequate

physicaf strength. In this paper, we discuss the generat problem of design-
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this class of open dielectric waveguides has recently been

proposed [11 ], [12]. Those guides that are made entirely of

dielectric (and do not use metal image planes) are of course

free of metallic loss, except for losses in small metallic

coupling structures. Their loss advantage over metallic

guicles tends to increase with increasing frequency. For the

all-dielectric guides, an upper bound of the power attenua-

tion coefficient is the bulk attenuation coefficient a =

o~ /c, where o, p, and c are the conductivity, magnetic

perrneability, and electric permittivity of the dielectric,

respectively. Assuming that the conductivity y of the dielec-

tric is independent of frequency ~, a is also independent of

frequency and the loss per guide wavelength decreases as

l/~, For metallic waveguides, on the other hand, two

effects cause the loss per guide wavelength to increase with

frequency: the dimensions become smaller in proportion to

l/~, and the surface resistance increases in proportion to

U Thus, typically, the ratio of the loss per guide wave-
length for a dielectric guide to that of a metallic guide is on

the order of ( jl /~ )3/2, where ~1 is a crossover frequency

determined by the details of the guides in question. (Let

the metallic guide be a 50-!J microstrip made of copper on

a BeO substrate with substrate thickness h = X ~/20, where

XO is the free-space wavelength, and let the ratio of the

copper thickness to the substrate thickness be 1:10. Using

the above-mentioned upper bound to approximate the loss

of a 1000-fJ -cm silicon dielectric waveguide, we find a

crossover frequency of 67 GHz.) When the material of the

dielectric guide is a semiconductor, it becomes possible to

fabricate semiconductor devices in the same piece of

material [3], [13]. In the near-millimeter regime, dimensions

of quasi-single-mode waveguides are convenient for fabri-

cation by photolithography.

In this paper, the design of one particular type of

all-clielectric waveguide, the dielectric ridge guide (DRG,

see Fig. 1) is considered. The reasons for choosing this

particular guide have to do with its potential application as

a component of near-millimeter-wave integrated circuits

(NMIC). a) The shape can be conveniently etched out of

semiconductor wafers. The web isolates the guided field

from other components on the wafer while providing

structural support. b) Ohmic losses (such as those associ-

ated with dielectric image guide) are avoided. c) A conveni-

ent method exists for coupling radiation into the guide.

This can be done by tapering the end of the guide into a

dielectric antenna. Patterns obtained in this way are

single-lobed and nearly symmetrical with gain on the order

of 10 dB [14]. The most promising technique for fabrica-

tion appears to be anisotropic etching of semiconductors.

With this technique, the cross section of the guide is not

rectangular, but rather trapezoidal with an angle a de-

termined by the crystal structure. (For silicon, a = 55 °.)

111 the NMIC, there can be se~eral devices, active or

passive, distributed or lumped, interconnected by dielectric

waveguide. For small lumped elements, such as diodes, a

way must be found to couple energy efficiently between the

waveguide and the device. At lower frequencies, this can be

done by inserting a tapered section of waveguide into a

hollow metallic waveguide, where the device can then be

v
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Fig. 1. The dielectric ridge guide (DRG). (a) A DRG fabricated in
semiconductor by anisotropic etching; for silicon, a = 550. (b) Equiva-
lent rectangular DRG used in the EDC method to approximate the
trapezoidal DRG.

mounted on a post. In a monolithic NMIC, where metal

waveguide is to be avoided, it is convenient to use the

planar V-coupler of Rutledge et al. [14]. This consists of a

metallic V-shaped structure deposited on the back (planar)

surface of the dielectric wafer, where its fields interact with

those of the guide. The device to be coupled is connected at

the vertex of the V.

A principal objective in the design of DRG and V-cou-

pler is efficient coupling between the guide and the small

device at the vertex of the V. It is also desirable to reduce

radiation from the guide; although little radiation occurs in

unperturbed straight sections, energy will be lost into slab

modes of the support web whenever there is a discontinuity

or bend. Further considerations are structural strength and

ease of fabrication; the support web should therefore not

become too thin. Finally, we shall require quasi-single-mode

propagation, in the sense that at the operating frequency,

only the non-leaky wave and the lowest order leaky wave

propagates. In Section II, we shall discuss the design of the

guide itself, using the well-known effective dielectric con-

stant (EDC) method as our principal tool for analysis. In

Section III, design of the V-coupler will be considered.

Design data are based primarily on simulation at 2-7

GHz.

II. ‘llm DIELECTRIC RIDGE GUIDE

The DRG consists of a central guiding region of width a

and height b supported by a web of thickness t, as shown

in Fig. l(a). A general and exact method for obtaining a

complete description of the guided modes of the DRG has

recently been published [11 ], [12]. By convention, the guided

modes of the DRG can be classified according to their

dominant electric field direction. The mode designated E;q

is one with dominant electric field in the x-direction and

with p and q field maxima in the x- and y-directions,

respectively; similarly for E:q modes. The DRG can sup-
port two fundamental modes, the E~, and E/l modes.

These two modes are propagating for all choices of guide

dimensions. As pointed out by Peng and Oliner [11], [12],

all modes are leaky except for the E:l mode. In the present

work, the operative mode is assumed to be E:l, and guide

dimensions are chosen such that all the other modes except

EL are cut off.
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In some circumstances, only the propagation constant is

needed. In this case, the effective dielectric constant (EDC)

method [3] is a convenient approximate method which is

known to give fairly accurate results. In order to gain

understanding of the nature and limitations of the EDC

method, we can relate the EDC method to Peng and

Oliner’s formalism. In their building-block approach, the

cross-sectional geometry of the rectangular DRG is first

broken into three constituent parts; a rectangular core

region of thickness b is supported by two web regions of

thickness t. Since the TE and TM modes of a slab together

form a complete set of functions, the guided mode in the

core region can be decomposed into a summation of slab

modes for a slab with the height of the core, and similarly

the portion of the guided mode in the web region can be

decomposed into a summation of slab modes for a slab the

height of the web. The propagation constants are obtained

by requiring that the fields of the guided mode satisfy the

transverse resonance condition. Let ~; and +; denote the

transverse-mode functions of then th TE and mth TM slab

modes in the core region, respectively, for n, m = 1,2,3,. ...

and let k:, k; and n ~, n; be the propagation constants and

effective indices of refraction of the corresponding slab

modes where

and k. = propagation constant in free space. Similarly, the

transverse-mode functions, propagation constants, and ef-

fective indices of refraction can be defined for the web

regions; they are denoted by the corresponding barred.— ——
quantities, ~~, F;, k;, k:, and n;, n;. Carrying through the

transverse resonance analysis to obtain an approximate

solution, the expansions are truncated to retain only the

lowest order TE slab modes, and we obtain the following

expression for the propagation constant k= of the E~l

mode:

[nj’k~ -k~]’/2a= m-2tan-’

1()~2 [(n;)’k;-k’]’,’Xy

i‘1 [k:-(~)’k;]% (1)

where

~= jm’)1’
(@4F’){@’ld)

(2)

and

(.fig)+’)(M) 4“.

If we set H =1, we obtain the same expression as is

given by the EDC method. Since the effective indices of

refraction appearing in (1) are those of the lowest order TE

slab mode, they satisfy

()[(r - n2]1/2k/-~ -2tan-l 6,- ‘2 “2 (3)o—
n’–l

where t, is the relative dielectric constant of the waveguide
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condcctmg wre

metal shorting plane !

Fig. 2. Experimental setup used in dispersion measurement,

material, and n = n’, 1= b, and n = n’, 1= t for the slab

modes in the core and web regions, respectively. Thus, the

EDC method is expected to be accurate when the contri-

bution from the higher order slab modes is small so that (1)

is accurate and H = 1. This will be the case when (b – t )/b

<<1. Moreover, the EDC method becomes more accurate

as b decreases, because the contribution of the lowest order

mode increases with decreasing slab height.

A quantity of interest is the cutoff frequency of the next

higher order mode. In the EDC approximation cutoff of

the E;l mode occurs when

AO
a=

2[+72]”2”

For the E~2 mode, cutoff occurs when

b=
A.

2[6, –1]’/2”

(4)

(5)

Although the EDC method is widely used, experimental

confirmations have been obtained either for multimode

waveguides or for guides in which the differences of dielec-

tric constant between the guide and its surroundings were

small [3], [5], [15]. We have carried out a simulation experi-

ment in the frequency range 2–7 GHz to verify the EDC

method in the quasi-single-mode regime. Emerson and

Cuming HiK material with c,= 12 is used to simulate

silicon waveguide at millimeter wavelengths. The trap-
ezoidal core region can be represented by an effective

rectangular core region of the same height and core area

whose width is a’, as shown in Fig. l(b). The experimental

setup is shown in Fig. 2. Power from the sweep oscillator is

coupled into the DRG by a V-coupler. A shorting plane at

the far end of the waveguide establishes a standing wave.

The reflected wave is coupled back into the coaxial cable

by the V-coupler. The magnitude and phase of the re-

flected wave are then measured by the network analyzer.

When a small conducting wire is placed near the wave-

guide, the reflected wave is disturbed, except when the wire

is located at one of the nodes of the field parallel to the

probe. Thus, the guide wavelength is measured by locating

the nodes.
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Fig. 3. Comparison of the measured dispersion curves (experimental
points) with those predicted by the EDC method (solrd line) for DRG
with a/b = 2. (a) t/b= 0.4. (b) t/b= 0.2.

In Fig. 3, the measured propagation constant is plotted

against normalized guide height b/AO for guides with

a/b = 2, for the two cases t/b = 0.2 and 0.4. Also shown

in the figure are the dispersion curves predicted by the

EDC method. We see that the propagation constant is

predicted quite well by the EDC method for t/b= 0.4. In

this case, the error is less than 4 percent over the range of

measurement. However, for t/b = 0.2, errors become more

sigmficant. As was discussed before, in general the EDC

method becomes more accurate for larger values of a/b

and t/b.

Having verified the accuracy of the EDC method for

cases of interest, we can now use it to design the wave-

guide. There are several considerations that will affect our
choice of waveguide geometry: a) all the higher order

modes are to be cut off; b) reasonably small radii of

curvature should give tolerable radiation loss; c) coupling

loss between waveguide and V-coupler should be accepta-

bly small; and d) the web thickness should be thick enough

to provide adequate physical strength. The first of these

considerations has already been dealt with. We shall dis-

cuss b), c), and d) in the following paragraphs.

J
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Fig. 4, Criticaf radius of curvature R, from (8) for DRG with a/b= 4.

All open waveguide structures suffer from radiation loss

when the guide is curved. From a general analysis of the

directivity of electromagnetic waves, it has been shown that

the dominant dependence of the radiation loss on the

radius of curvature R is of exponential nature [16], [17].

When R is larger than a critical radius of curvature Rc, the

radiation loss decreases very slowly with increasing R. On

the other hand, when R is smaller than R., radiation loss

increases very rapidly as R decreases. The critical radius of

curvature is given approximately by

(6)

where k,, the propagation constant in the curved section,

can be approximated by that in the straight guide, and $t is

the decay length of the fields in the web region. We can

estimate .$f by using the decay length of the lowest order

TE slab mode given by

t,= [k:–z2kj-”2. (7)

This is a good approximation because the guided mode is a

superposition of the slab modes and for the E~l mode, the

dominant contribution is from the lowest order TE slab

mode. Furthermore, the field components of the higher

slab modes extend less far into the web, and thus make a

smaller contribution to the radiation loss. The exponential

nature of the dependence of radiation loss on R and the

validity of (6) have been verified in [18]. (Actually the
critical radius of curvature verified in [18] is 2k~~~. The

numerical constant in (6) is of course somewhat arbitrary.

We adopt the factor of 6 used by Marcatili [16] as being

more conservative.) It is reasonable to consider the minim-

um usable radius of curvature of a curved section to be

on the order of Rc. The calculated values of Rc for a/b= 4

as a function of normalized guide height b/A ~ for several

values of t/b are shown in Fig. 4. It is seen that R.



132 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-31, NO. 2, FEBRUARY 1983

increases rapidly as t/b changes from 0.4 to 0.5 while it

remains about the same for t/b smaller than 0.4. Calcula-

tions for a/b = 2 lead to a similar conclusion. In order to

have a thick web for the sake of mechanical strength,

t/b = 0.4 is a logical choice.

The only variable left for the DRG design is the ratio

a/b. In order for the higher order modes to be cut off, the

product ab must not be too large. Thus, smaller a implies

larger b, and since t/b has been fixed, larger t as well.

Thus, greater mechanical strength is obtained with a smaller

value of a/b. For the web to be thicker than 75 pm, at 100

GHz, a/b has to be smaller than 4.5. As a/b becomes

smaller, however, the fields are less confined in the x-direc-

tion and this leads to more radiation loss from a curved

section with the critical radius of curvature. Thus, choice of

a/b amounts to a compromise between mechanical strength

and reduction of radiation loss from curved sections. In

order not to unduly increase the radiation loss, a/b >2

has been chosen. In order to choose a value of a/b within

the range 2< a/b <4.5, we must consider the influence of

this parameter on the coupling loss between the guide and

V-coupler.

III. THE V-COUPLER

A V-coupler with inner angle 13,angular arm width A(3,

and length 1 is shown in Fig. 5. The V-coupler is char-

acterized by a driving-point impedance Z and coupling loss

L. The design value of Z will be 100 Q. The objective of the

design of the V-coupler and the DRG (with t/b= 0.4) is to

find values of 0, AO, 1, and a/b that result in minimum

coupling loss.

In earlier work [ 14], [19], an approximate formula for the

V-coupler’s driving point impedance was used

K(k)

‘=;= (6,+1 KJI=P)

2

(8)

where K is the complete elliptic integral of the first kind

and

9
tan~

(9)

This formula is based on conformal mapping of coplanar

strips in free space. The correction factor

is used to take into account the presence of the dielectric

waveguide [20]. This formula was shown to give estimates

of Z to within 30 percent for rectangular and trapezoidal

dielectric waveguides without webs [14], but our simulation

experiments indicate that it is not a good approximation

for V-couplers on DRG. The operation of the V-coupler

involves radiation into free space, coupling to the slab

modes, and ohmic loss. A complete description would

require a full wave analysis, which is still lacking. The

Fig. 5. The V-coupler,

\
‘, metal Image plane\
;,,
,, \
,,,,!,

Fig. 6, Experimental setup used in the V-coupler design. The electronics
are the same as in the dispersion measurement.

approach we have use’d is to design by means of simulation

in the frequency range 2–6 GHz.

The experimental setup is shown in Fig. 6. The V-cou-

pler is cut from 3-rnil copper foil. An image plane is used

in the simulation in order to avoid a balun between asym-

metric coax and the symmetric V-coupler. The image plane

reduces the observed driving-point impedance by half.

When the waveguide is terminated by a good absorber, the

network analyzer measures the driving-point impedance of

the V-coupler. Once the driving-point impedance has been

adjusted to 50 Q (with image plane; 100 S?without image

plane), the network analyzer then measures the two-way

coupling loss. (The measurement actually also includes

whatever dielectric loss and scattering loss exist in wave-

guide. These, however, are expected to be small and, in any

case, do not affect minimization of the coupling loss.)

It is found experimentally that the driving-point imped-

ance of the V-coupler does not vary much with the length

of its arms, so long as lsin @> 0.7a. The experimental

procedure is to find a set of {0, Ad} that gives the correct

driving-point impedance for a long V-coupler on a given
DRG. We find that typically a driving point reflection

coefficient of less than – 18 dB can be obtained over a 10

percent bandwidth. Because we are interested primarily in

the frequencies just below the cutoff frequency ~21 of the

E~l mode (the next higher order mode for DRG with

t/b = 0.4 and a/b > 2), the design is adjusted to give

reflection coefficient <18 dB over approximately the range

o.9f2, < f < f2,.
Although (8) is not itself a good approximation, it is

found that the set of designs {/3, Ad} giving the correct

driving-point impedance is characterized by a constant

value of the constant k defined in (9). This means that once
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Fig. 8. Coupling loss as a function of A6’ (with /always adjusted for
lowest loss) for V-couplers on DRG with a/b= 4. The values of O are
given in Table I.

a pair of angles O,AO is found that gives the desired

impedance, other pairs of angles resulting in the same

value of k will also give that impedance. Thus, by modify-

ing the constant factor in (8), an appro’kimate formula for

Z may be obtained. The formula

z_ 3770 K(k)
(lo)

n’+ ~ @~~)

is found to be accurate within 15 percent, where ~ and n‘

are the effective indices of refraction at ~ = 0.95~11.

Omce f3 and A/3 have been found, the coupling loss is

measured as a function of coupler length and frequency.

The measured coupling loss usually vanes +0.2 dB over

the frequency range of interest; thus, in comparing designs

we actually compare typical values of the loss L. A plot of

L a.s a function of coupler length on waveguide with

a/b = 4 for two pairs of angles 0, AO(both of which give

the desired driving-point impedance), is shown in Fig. 7.

The coupling loss as a function of A6 (with 1 always

adjusted for lowest loss), for V-couplers on DRG with

a/b = 4, is shown in Fig. 8. The corresponding designs are

shown in Table I. The best design for a/b = 4 is found to

be 61= 9°, Ad= 5°, 1 = 28b. In this case, the coupling loss is

1.4 dB. The above procedures can be repeated for DRGs

with different a/b, in order to obtain an overall design of

L (dB)

1.0 r t/ b=O.4

1.2

1.4

1.6

V

0

1.8

2.0

2.2

24

w2s6 , 2345
o/b

Fig. 9. The minrmum couDlmg loss achievable as a function of a /b. The
vafues of AO, 8,1 are given by Table II.

TABLE I
DATA FOR EXPERIMENTAL POINTS SHOWN IN FIG. 8

L

ajb = 4, tjb = 0.4

A@ 8 (deg) ?Jb L(dS]

4 7.1 30 1.8

5 8.9 28 1.4

6 10.7 30 1.4

7 12.5 28 1.6

8 14.4 27 1.6

9 16.2 .- .-.

10 18.2 26 1.9

TABLE II
DATA FOR EXPERIMENTAL POINTS SHOWN IN FIG. 9

tjb = 0.4

a/b k A13(deg) e(deg) L/b L(dB)

2 .707 6° 15” 13 2.3

3.5 .637 5“ 8.9” 21 1.6

4 .637 5“ 8.9° 28 1.4

4.5 .637 6“ 10.7” 29 1.3

V-coupler and DRG that gives minimum L. The minimum

coupling loss achievable as a function of a/b (with opti-

mum 1, 0, and A6, and with the desired driving-point

impedance) is shown in Fig. 9. The designs for the corre-

sponding couplers are given in Table II. The coupling

improves substantially as a/b increases from two to four,

but improvement slows for a/b >4. As pointed out earlier,

increasing a/b tends to decrease the mechanical strength

of the waveguide. Considering this tradeoff, a/b = 4 ap-

pears to be a good choice.

IV. CONCLUSION

We have shown that for a good design, a coupling loss

on the order of 1.4 dB can be expected between dielectric

ridge guide and a small device connected at the vertex of a

V-coupler. To this must be added dielectric losses and
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ohmic losses in the V-coupler at the millimeter-wave

frequency. For the case of 1000-0. cm silicon, one expects

dielectric loss of the order of 0.5 dB/cm (nearly indepen-

dent of frequency)l. In earlier work at 85 GHz, ohmic loss

in the V-coupler was found to be about 1.2 dB [21]. Thus,

one can expect to couple radiation from free space, through

a centimeter of guide, and into a correctly matched device

with an overall coupling loss of slightly more than 3 dB.

This loss is small enough to make DRG an interesting

component for millimeter-wave integrated circuits, particu-

larly at the higher frequencies where hollow waveguides are

inconvenient and metallic losses are severe.
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