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Insulated Nonradiative Dielectric Waveguide
for Millimeter-Wave Integrated Circu;ts
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Abstract —An improved version of the nonradiative dielectric wavegnide

(NRD-grride), called an insulated nonradiative dielectric waveguide, is

proposed for millimeter-wave integrated circuits. This dielech-k waveguide

can overcome some difficulties which arise when high dielectric material is

used in the NRD-gnide. Guide wavelengths and transmission losses were

measured at 50 GHz and compared with theory. In addition, some basic

circuit components such as bends, ring resonators, chip resonators, and

T-junctions were fabricated on the basis of the insulated NRD-guide and

tested to confirm their nsefsdness in millimeter-wave integrated circuits.

Tbe fabricated components operated as expected without suffering from

any appreciable radiation at curved sections and discontinuities.

I. INTRODUCTION

T HE NONRADIATIVE dielectric waveguide (NRD-

guide) has been proposed for use in millimeter-wave

integrated circuits [1] and studied using polystyrene dielec-

tric exclusively [2], [3]. Though high-dielectric materials

such as Stycast (trade name, C, =10.5) and alumina (c, =

8.5) are preferable in view of the small circuit size, their use

in NRD-guide fabrication entails some difficulties. First of

all, the dielectric strips must be unusually wide in one

dimension of the cross section and thin in the other. The

transverse dimensions of a typical Stycast strip are 2.7

mm x 0.86 mm at 50 GHz. Such a flat strip wastes more

dielectric material than necessary and is difficult to fabri-

cate with reasonable accuracy. Another disadvantage of

using high-dielectric strips in the NRD-guide is the narrow

frequency band for single-mode operation which is limited

by the presence of the extra Ef2 mode (named according to

the image guide convention). In order to overcome these

difficulties and to simultaneously attain some reduction in

transmission loss, an insulated nonradiative dielectric

waveguide is proposed in this paper.

In the insulated NRD-guide, high-dielectric strips are

sandwiched between low-dielectric overlays on conducting

plates. These overlays are different from that of the in-

sulated image guide in that they not only reduce transmis-

sion losses, but also suppress generation of unwanted higher

modes. Key requirements for the insulated NRD-guide to

prevent radiation from being generated at bends and dis-

continuities are that the separation of the conducting plates

be smaller than a certain critical value determined by the
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dielectric constant and thickness of the overlays (see (6))

and that the electric field of the operating mode be parallel

to the conducting plates. This improved design of dielectric

waveguide can successfully eliminate most difficulties asso-

ciated with the high-dielectric NRD-guide without spoiling

the nonradiative nature of the waveguide at all, as will be

explained later.

Insulated NRD-guides were fabricated using Stycast and

alumina to measure guide wavelengths and transmission

losses at 50 GHz. Since the materials were selected only

from a standpoint of high-dielectric constant and ease of

fabrication, their loss tangents were not necessarily very

small, and hence the transmission losses were unexpectedly

large. But, the theory predicts that it is not difficult to

reduce the transmission loss of the insulated NRD-guide

below 2.5 dB/m, if high-quality alumina (loss tangent

=10 -4, is used.

Some basic circuit components such as bends, ring reso-

nators, chip resonators, and T-junctions were fabricated to

test the applicability of the insulated NRD-guide to milli-

meter-wave integrated circuits. The fabricated components

worked in a predictable manner, since undesirable radia-

tion was suppressed below a tolerable level. Thus, the

insulated NRD-guide was confirmed to be a very conveni-

ent structure for constructing miniaturized millimeter-wave

integrated circuits with high-dielectric material such as

Stycast and alumina.

H. OPERATION DIAGRAM

Fig. 1 shows a structural view of the insulated NRD-

guide. The top and bottom plate separation is a, the

transverse dimensions of the dielectric strip are b X c, and

dielectric constants of the strip and the overlays are C,z and

C,l, respectively. The dielectric constant (,1 can be unity in

the special case where the low-dielectric overlays are re-

placed with air layers.

In order to analyze the insulated NRD-guide, the effec-

tive dielectric constant (EDC) method will be used. In the

presence of the conductive boundaries, however, different

sequences of applying the EDC method often cause a

substantial difference in the final results [4]. In this paper,
the EDC method is applied in the order depicted in Fig. 2.

The slab waveguide of thickness b is solved first for TM

modes to obtain the effective dielectric constant

(1)
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Fig. 1. Structural view of insulated nonradiative dielectric waveguide.

.........

‘:cr2”’

., ’,,.
.,, . .

-b-

(a) (b) (c)

Fig. 2. Decomposition of insulated nonradiative dielectric waveguide
into its equivalent two-dimensional waveguides for applying the effec-

tive dielectric constant (EDC) method.

where k. is the free-space wavenumber and q is the solu-

tion to the characteristic equations

()@=qtan ~ <,z (~r2–l)k; –q2, for even modes

(2a)

()
– qcot $ = c,,~(c,, - l)k~ – q’ , for odd modes.

(2b)

Then, a hypothetical three-layered slab sandwiched be-

tween the conducting plates as shown in Fig. 2(c) is solved
for TE modes to derive the characteristic equations .

‘tan(a=wc0th(w%3for even modes

(3a)

-ucot(Y)=wcoth(wY)
for odd modes

(3b)

where

u’+w’=(c,e–crl)k; . (3C)

Once the above equations are solved, the propagation

constant of the original waveguide in Fig. 2(a) can be

calculated by

b={-. (4)

Therefore, the cutoff condition for any specific mode is

given by

~= Ooru=&kO. (5)

The reversed sequence is traced in the analysis of the

trapped image guide [4]. The present approach may also be

justified by the fact that it yields the exact solution when

the low-dielectric overlays tend to zero in thickness

I
I c/a=l.O \ \ ~,
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Fig. 3. Operation diagrams of (a) nonradiative and (b) insulated non-
radiative dielectric wave~uides. Stvcast (c., = 10.5) is assumed for

dielectric strip material a;d air laye;s ( C,l = ~~0) for overlays.

(NRD-guide). Another important requirement for the in-

sulated NRD-guide is its radiation suppression capability.

By imposing the cutoff condition for TE waves between the

conducting plates covered with overlay, the condition for

radiation suppression is obtained as

‘an(”t)=~co’(=d“)
Equations (5) and (6) are fundamental for designing the

insulated NRD-guide.

Operation diagrams for the NRD-guide (c/a= 1.0) and

the insulated NRD-guide (c/a = 0.4) are presented in Fig.

3(a) and (b), respectively. The operation diagram repre-

sents critical curves for both the guided modes and radia-

ted waves as given by (5) and (6). In both the figures,
StYcast (6,2 = 10S) is assumed for strip material and air

layers for the overlays (6,1 =1.0). Then, the critical curve

for radiated waves is a vertical line at a/AO = 0.5. It was

decided to name modes of the insulated NRD-guide

according to the image guide convention with the x-axis
parallel to the conducting plates.

According to the meaning of the operation diagram, a

mode is propagating above its critical curve and cutoff

below it. Thus, the Efi mode is the only propagating mode

in the region bounded by all critical curves shown in Fig,

3(a) and (b). As shown in Fig. ,3(a), a considerable area is
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cut away by the critical curve of the Efi mode. This results

in a substantial reduction of the frequency band for

single-mode operation. In the insulated NRD-guide, how-

ever, such a reduction of the frequency band never arises,

as can be seen in Fig. 3(b). The reason for this is that the

critical curve for the unwanted Ef2 mode is shifted up. This

occurs because the effective dielectric constant for the -E:2

mode is substantially reduced in the insulated NRD-guide

since two field maxima associated with this mode are away

from the high-dielectric region toward the low-dielectric

overlays, On the contrary, the Efi and Efi modes are

hardly affected by the presence of the overlays since the

field maximum of each mode is at the center of the

high-dielectric core. Thus, one of the disadvantages of the

high-dielectric NRD-guide is removed and the bandwidth

is substantially improved.

Typical dimensions of the Stycast NRD-guide can be

determined from the operation diagram as a = c = 2.7 mm

and b = 0.86 mm at 50 CH-Iz, while those of the insulated

NRD-guide are determined as a = 2.7 mm, b = 1.45 mm,

and c =1.08 mm. It can be seen that the dielectric strip in

the insulated NRD-guide is more compact in cross section

and hence less wasteful of dielectric material and easier to

fabricate than that in the NRD-guide. This overcomes

another disadvantage of the high-dielectric NRD-guide.

If the guide wavelength of the Efl mode is smaller than

the wavelength of a plane wave in the low-dielectric

medium, the fields decay toward the conducting plates in

an exponential manner so that a reduction of the conduc-

tion loss can be expected. This condition is fulfilled in the

hatched low-loss region in Fig. 3(b). At this point of

discussion, it is important to note that for the insulated

NRD-guide with Teflon overlays (c,l = 2.04), the conduct-

ing plate separation must be smaller than 0.43A0 to sup-

press radiation when c/a = 0.4. Although Teflon overlays

are convenient to firmly hold dielectric strips in the wave-

guide, this reduced plate separation causes an increase of

the transmission loss.

III. MEASUREMENTS

By using Stycast and alumina as high-dielectric material,

insulated NRD-guides were fabricated to measure guide

wavelengths and transmission losses at 50 GHz. Pre-

liminary measurements on NRD-guide and rod guide

structures for which accurate characteristic equations and
loss equations are known have shown that the material

constants of Styeast and alumina are Crz = 10.5, tan 8 = 3.8

X10-3 and C,2= 8.5, tan 8 =10 -3, respectively. Consid-

ering these values, the materials are not necessarily satis-

factory for millimeter-wave applications, but they may still

be used for examining basic properties of the insulated

NRD-guide.

A, Transition

A transition between a metal waveguide and an in-

sulated NRD-guide was constructed in the configuration

shown in Fig. 4. To facilitate fabrication, no tapers were

provided at the ends of the strip. For support within metal

Wav

Ilg. 4. Strncture of transition used in measurements.

waveguides, the dielectric strip was anchored in a hole

drilled in a Teflon piece, with the same transverse dimen-

sions as the standard metal waveguide. This piece was

3.1 mm in length, and was backed by a similar Teflon piece

1.1 mm in length. Since these Teflon pieces serve as imped-

ance transformers, their lengths had to be carefully ad-

justed. The waveguicle was provided with two rectangular

metal fins, 5 mm in length and 2.7 mm in height, which

were centered on the edges of the broad walls, flared out

by about 30°, and inserted between the conducting plates

to precisely maintain the plate separation. Though the

structure is simple, this transition worked very well, and

the return loss was measured as being better than 14 dB, at

least over the 2-GHz frequency band of a mechanically

tuned klystron oscillator.

B. Guide Wavelength

ln the measurement of guide wavelength, the insulated

NRD-guide was terminated by a metal waveguide short by

way of the transition to create clear standing wave patterns

along the dielectric strip. The electric field was probed by

an electrically small unipole antenna consisting of the inner

conductor of a semi-rigid cable 0.8 mm in diameter. The

outer surface of the cable was coated with a very thin lossy

material to suppress undesirable interference. The dimen-

sions of the tested guides were a = 2.7 mm, b = 1.45 mm,

and c = 1.08 mm for Stycast and a = 2.7 mm, b = 1.5 mm,

and c =1.0 mm for alumina. The guide wavelength is

shown in Fig. 5 as a function of frequency. Solid curves

represent theoretical values calculated by the EDC method.

Agreement between theory and measurements is excellent

within practical accuracy. The measurements revealed that
the guide wavelength and dispersion of the insulated

NRD-guide are not much different from those of the rod

guide so long as modes in both the waveguides are well

above cutoff. This is quite in contrast to the NRD-guide

and implies that the metal plates, though suppressing radi-

ation, hardly affect the guided mode of the insulated

NRD-guide.

C. Transmission Loss

Transmission losses were measured by comparing trans-

mission coefficients of two insulated NRD-guides of differ-

ent lengths, 40 mm and 70 mm. Measured data of the

transmission coefficients for insulated NRD-guides are
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Fig. 5. Calculated and measured guide wavelength of insulated non-

radiative dielectric waveguide. Stycast (C,2 =10.5) and alumina (<.2=
8.5) were used for dielectric strips.
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Fig. 6. Measured transmission coefficients of (a) Stycast and (b) alumina
insulated nonradiative dielectric waveguides. The transmission coeffi-

cient of a standard metal waveguide 40 mm in length is also shown for
comparison.

shown in Fig. 6(a) and (b) together with those for the metal
waveguide, which was 40 mm in length. Difference be-

tween the transmission coefficients of 70 mm and 40 mm

long guides gives a transmission loss over a guide length of

30 mm. The measured transmission loss for the Stycast

guide was 69 dB/m. The corresponding theoretical value,

which is calculated by means of the EDC method, is
69.9 dB/m, assuming the conducting plates to be brass

(U= 1.7 x 107 S/m). This value consists of 69.4 dB/m

dielectric loss and 0.5 dB/m conduction loss. Therefore, if

less lossy dielectric material is used, a reduction of the

transmission loss will be attained. In fact, this can be

understood by examining data for the alumina guide in

Fig. 6(b). The measured transmission loss was estimated to

“v”
--r -----

\ ,,’ ‘ ------ Dielectric loss

- ---- Conduct im loss/’
/’ — Tota( loss

/’

11 ,,’ $

3.-.—-—-—-—-—-—-—-—-—-/
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Fig. 7. Theoretical transmission loss of insulated nonradiative dielectric
waveguide at 50 GHz as a function of the loss tangent of a dielectric

material ((,1 = 9.5). Measured values for Stycast (tan 8 = 3.8X10-3,
and alumina (tan 8 =10-3), and an expected value for high-quality

alumina (tan 13=10 – 4) are also shown.

be 19 dB/m in this case, The theoretical value is 17.2

dB/m, which includes a 16.3 dB/m dielectric loss and a

0.9 dB/m conduction loss. Since the dielectric loss is

proportional to the loss tangent of the material, the trans-

mission loss can be expected to be further reduced, if

high-quality alumina is used.

This prediction can be verified by examining Fig. 7, in

which transmission loss of an insulated NRD-guide is

plotted against the loss tangent of the dielectric strip at

50 GHz. Measured values of transmission loss of Stycast

and alumina insulated NRD-guides are also included for

the purpose of comparison. Though dielectric constants of

Styeast and alumina are slightly different from that as-

sumed in calculation (e,z = 9.5; the average of those of

Stycast and alumina), theory agrees with measurements.

Tracing the total loss curve toward the small loss tangent, a

2.5 dB/m transmission loss is reached at tand = 10-4,

such low-loss alumina being currently available.

D. Bends

An outstanding feature of the insulated NRD-guide is its

capability to suppress radiation at sharp bends. In order to

confirm this, bending losses of two Stycast 90° bends, one

with a curvature radius of 6 mm and the other with a

curvature radius of 2 mm, were measured. The larger

curvature radius is about twice as large as the guide

wavelength, while the smaller one is two-thirds of the guide

wavelength. The curved strips were supported at the transi-

tions and suspended between the conducting plates. Mea-

surements of bending losses were carried out by comparing

transmission coefficients of bends with those of straight

strips of the same length. Bending losses of open dielectric

waveguide bends with one or both of the conducting plates
removed, were also measured for purposes of comparison.

Measured bending losses are shown in Fig. 8(a) and (b)

as a function of frequency for the bends with curvature

radii of 6 mm and 2 mm, respectively. Since the dielectric

strips were small in size, their setting was very critical.

Considering this handicap, observed bending losses of the
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Fig, 8. Measured insertion losses of insulated nonradiative dielectric
waveguide 90° bends having curvature radii of (a) 6 mm and (b) 2 mm,
respectively. Insertion losses for other types of open dielectric wave-

guide bends are also included for comparison.

insulated NRD-guide can probably be attributed to un-

avoidable experimental errors. It is surprising to see that

bending losses are negligible even for a bend of such a

small curvature radius as 2 mm, which is about two thirds

of the guide wavelength. In the NRD-guide bends of

polystyrene dielectric, a considerable amount of reflection

occurred for a curvature radius of about one guide wave-
length [3]. This clearly shows that high-dielectric material is

very suitable for the construction of very sharp bends.

For the two types of open dielectric waveguides, bending

losses were around 1 dB. The advantage of the insulated

NRD-guide over other dielectric waveguides can be seen

by comparing the results of these measurements.

E. Ring Resonator

Ring resonators are important in various filter struc-

tures, especially in channel dropping filters [5]. A ring

resonator, 5 mm in radius, was fabricated with Stycast (see

Fig. 9). A slice of foamed polystyrene was used to support

the ring.

The condition for perfect band rejection of the ring

resonator is given by [6]

e -ai=~~ (7)

where a and 1 are the attenuation constant and the mean

path length of the ring, respectively, and ~ is the voltage

coupling factor between the main guide and the ring. The

attenuation constant a consists of the transmission and

radiation losses. Since the radiation loss at a bend is

~------ --------

,,
,’/’

,,

\
Ring resonator

Fig. 9. Structure of Stycast ring resonator.
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Fig. 10. Measured band-rejection characteristics of Stycast ring resona-

tor with a mean radius of 5 mm and coupling spacing of 0.3 mm.

negligible in the insulated NRD-guide, a is expected to be

small compared to open dielectric waveguides. As to the

voltage coupling factor K, the presence of the conducting

plates acts to enhance coupling between two dielectric

strips [7]. Thus, (7) is satisfied for the insulated NRD-guide

provided that the spacing between the ring and the main

arm is properly adjusted. In other types of dielectric wave-

guides, the attenuation constant a is large because of the

radiation loss, hence perfect rejection is difficult to achieve.

Measured insertion loss for a ring resonator with a

coupling spacing of 0.3 mm is presented in Fig. 10. Maxi-

mum insertion loss was about 26 dB at 48.52 GHz and

about 19 dB at 50.24 GHz. By changing the coupling

spacing between the main arm and the ring, the insertion

loss peak could be changed. When the ring touched the

main guide, a maximum rejection of about 26 dB was

obtained at 50.24 GFlz and a rejection of about 15.5 dB

was obtained at 48.52 Gl?iz. The measured insertion loss of

26 dB should be compared with a reported value of about

15 dB for an image guide ring resonator [8].

F. Chip Resonator

Since radiation does not occur at any discontinuities in

the insulated NRD-guide, small dielectric chips can be

expected to operate as high-Q resonators. As a preliminary

measurement for the filter fabrication, chip resonators were

made of alumina and their resonance characteristics were

investigated. A length of alumina strip with 1.5-mm x

1.O-mm transverse dimensions was cut into three parts. The

outer two parts served as input and output guides and the

inner part, 4.5 mm in length, served as a chip resonator. A

slice of foamed polystyrene was used to support each
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Fig. 13. Structure of Stycast T-junction with a smatl extension as a

matching element.

element in its proper position. Spacing between the chip

and each connecting guide was fixed at 7.0 mm. A side

view of the structure is shown in Fig. 11 and its measured

resonance curve is shown in Fig. 12. The resonance

frequency is 48.3 GHz and the Q-factor is about 1070. This

value of Q-factor would be adequate to construct insulated

NRD-guide filters. When Teflon sheets 0.5 mm in thick-

ness were used as the overlays, the Q-factor was reduced to

710 due to the dielectric loss of Teflon and also due to the

increased conduction loss by the requirement that the

conducting plate separation be decreased to 2.0 mm in this

case. In spite of this reduction of Q-factor, the Teflon

overlays are very practical for holding small chips firmly in

place.

G. T-Junctions

Although the T-junction is a useful component for millim-
eter-wave integrated circuits, it is not easy to realize it

with conventional dielectric waveguides because a substan-

tial amount of radiation is generated at the junction. With

the insulated NRD-guide, however, practical T-junctions

can be constructed without much difficulty. Fig. 13 shows

o
z
v

~.-
Ln
vl.—
E
g-lo
0
c

L

I I I I I
. . .

. . . . . . . . . . . . . . . . .
. . . . . ...” \ ““.

Straight Ii ne “”.

“xt,~- junction
*X:*..

“ 0. . , ~e.e.o.~ / .=. .8 ”*.
.Ol %: :8. * J.. .:,;

. =.
“

..0

.

! I 1 i 1

L9 50

1007

Frequency (GHz) -

Fig. 14. Output of Stycast T-junction detected at both ends of the main

arm, when fed from the stub arm.

a fabricated Styeast T-junction. A small extension of

the stub arm serves as a matching element to eliminate the

reactive component of the junction impedance. In the

present case, the optimum length of the matching elerdent

was 1.7 mm. Fig. 14 shows output power levels detected at

both ends of the main arm, when fed from the stub arm,

The outputs are relatively well balanced, but about 8 dB

below that of a straight guide having an equal length. A

considerable amount of power was reflected back toward

the source, In the course of measurements, the size of the

dielectric strip was found to be a critical design parameter

for T-junctions of small reflection. Further improvement of

the T-junction performance is possible if the size of the

strip is carefully optimized.

IV. CONCLUSIONS

An improved type of the NRD-guide, called an insulated

NRD-guide, is proposed to overcome some difficulties

which arise when ,high-dielectric strips are used in the

NRD-guide. Guide wavelengths and transmission losses of

the proposed guide were measured at 50 GHz and com-

pared with the theoretical values calculated by the EDC

method. The theory suggests that transmission losses of

about 2.5 dB/m can be realized with the insulated NRD-

guide if high-quality alumina with a loss tangent of ap-

proximately 10-4 is used. Some basic circuit components

such as bends, ring resonators, chip resonators, and T-junc-

tions were also fabricated and tested. They operated as

expected without suffering from undesirable radiation at

bends and discontinuities. Finally, it is suggested that the

concept of the NRD-guide can be generalized to any

dielectric object so long as it is symmetrical with respect to

the midplane of the waveguide. Dielectric objects of inter-

est include resonators of various shapes, ferrite disks, and

even semiconductor elements. Research is being directed

toward use of such complicated circuit components.
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