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Low-Loss Monolithic Transmission Lines
for Submillimeter and Terahertz Frequency
Applications

Andrew G. Engel, Jr. and Linda P. B. Katehi, Senior Member, IEEE

Abstract —The design and construction of low-loss monolithic
transmission lines are critical to systems which require that
THz-power be guided to the antenna front-ends. This paper
proposes two types of novel monolithic guiding structures, which
are designed for .the 0.3-2.0 THz and 0.1-0.3 THz ranges,
respectively. The new waveguides are constructed from dielectric
materials and structures which are available in monolithic
technology so that the integration of active devices is possible.
Propagation in each of the waveguides is characterized over
relevant frequency ranges by applying a mode-matching tech-
nique, which takes into account all forms of electromagnetic
coupling as well as losses in the dielectrics. The structures are
predicted to exhibit excellent power confinement and low losses.

1. INTRODUCTION

ECHNOLOGY based on the frequency range of

0.1-2.0 THz offers narrow-beam, high-resolution an-
tennas which are essential for intelligent computer con-
trol guidance, command systems for space applications,
and sensors which operate in optically opaque media.
Since these systems require that the generated THz-power
be guided to the antenna front-end through complex
feeding networks, the design and construction of low-loss
monolithic transmission lines are critical.

There are two typical approaches for the design of
these transmission lines. The first approach extends the
use of planar conductors in monolithic millimeter wave
technology to higher frequencies. Planar circuit elements
such as loads, transitions, junctions and lines perform
quite well at frequencies up to 100 GHz, but ohmic and
radiation losses become unacceptably high as the fre-
quency increases further. The second approach extends
optical techniques to lower frequencies. This approach is
hindered by three factors. First, optical materials are
usually incompatible with the semiconducting materials
which are needed for active devices. Second, phenomena
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which dominate optical waves, such as nonlinear wave
characteristics, are not present at terahertz frequencies.
Finally, phenomena which are ignored at optical frequen-
cies, such as radiation and electromagnetic coupling, are
not negligible at terahertz frequencies.

A different approach is established by examining the
millimeter wave dielectric waveguides which were exten-
sively investigated in the 1970’s and early 1980’s. Exam-
ples of these waveguides include dielectric image guides
[3], strip dielectric guides, insulated image guides, strip-
slab guides [4], inverted strip dielectric guides [6], cladded
image guides [5], and trapped image guides [7]. The
waveguides are constructed from combinations of layers
and ridges of various permittivities in order to provide a
region wherein the propagating power is well-confined.
The widths of the lines approach one guided wavelength
in order to maximize field confinement. Although there
are several examples of the monolithic use of dielectric
waveguides in the literature (e.g., [8]), these waveguides
have been generally considered hybrid in nature.

Monolithic sub-mm and THz guiding structures may be
realized by considering variations of the carly dielectric
waveguides. The new waveguides are constructed from
dielectric materjals and structures which are available in
monolithic technology so that the use of the waveguides
in integrated circuits is possible. The dimensions of the
waveguides are on the order of a fraction of a guided
wavelength, so that the new structures may be used not
only as transmission lines, but also as passive circuit
elements such as inductors and couplers. Since the pro-
posed structures will have properties similar to conven-
tional microstrip elements, the structures will be able to
provide both low-loss feeding networks and highly effi-
cient radiating elements for arrays.

In the succeeding sections, two types of monolithic
guiding structures are described. The two types are de-
signed for specific frequencies in the 0.3-2.0 THz and
0.1-0.3 THz ranges, respectively. Propagation in each of
the waveguides is characterized over relevant frequency
ranges by applying a mode-matching technique, which
takes into account all forms of electromagnetic coupling
as well as losses in the dielectrics.

0018-9480,/91$01.00 ©1991 IEEE
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Fig. 1. Ridged example of 0.3-2.0 THz waveguide.
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Fig. 2. Semi-embedded example of 0.3-2.0 THz waveguide.

II. PrRoOPOSED CONSTRUCTION

The proposed structures, shown in Figs. 1-3, consist of
alternating layers of high and low permittivities. The
abrupt changes in the permittivities in the x-direetion are
designed to optimize power confinement in the layer with
the lowest permittivity. This layer, designated the propa-
gation layer, is away from the ground plane, resulting
in minimal ground plane conductor loss. A ridge or a
semi-embedded strip provides power confinement in the
y-direction.

The structures in Figs. 1 and 2 are suitable for the
0.3-2.0 THz region. The structures may be cither ridged
or semi-embedded and will be made of semiconducting
materials grown on GaAs or InP substrates. The ridged
structure is created by etching a layered wafer. The semi-
embedded waveguide is fabricated by etching a well of
appropriate dimensions into a semiconducting substrate,
filling the well with layers of intrinsic semiconducting
materials using regrowth techniques, and etching again.
In both the ridged and the semi-embedded structures,
layers of 5-10 u are required, and these layers can be
provided by MOCVD.

As the frequency of operation decreases, thicker layers
are required and the times required to grow the layers on
the wafers become impractically large. Hence, a second
type of waveguide is proposed for the sub-mm wave
region (0.1-0.3 THz). This structure is constructed from a
combination of semiconducting substrates and dielectric
films. In the example shown in Fig. 3, a wafer of GaAs is
covered with a polyamide film, attached to another GaAs
wafer with a thin epoxy glue, and etched to produce a
ridged waveguide. The epoxy is expected to create a gap
of approximately 1 u, which would not affect the propa-
gation characteristics. A similar structure could be cre-
ated with silicon wafers and a quartz film; in this case, the
wafers are attached with electrobonding.

Given the aforementioned construction of the proposed
waveguides, the fabrication of integrated circuits which
use the waveguides as interconnects is conceivable. For
example, an active device may be integrated with the
0.1-0.3 THz waveguide by manufacturing the device in
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Fig. 3. Example of 0.1-0.3 THz waveguide, including the integration
of an active device and its transition. (a) Side view. (b) Top view.

the position shown in Fig. 3. This step is performed prior
to the addition of the polyamide layer; the subsequent
construction of the layers and the etching to create the
ridged structure may be done without damaging the active
device. An active device may be integrated with a 0.3-2.0
THz waveguide in a similar fashion, but the addition of
high quality, low-loss layers after the device has been
manufactured may be troublesome if the process used to
add the layers requires temperatures which are high
enough to damage the active device. Several alternatives
exist for the design of a transition between.an active
device and a waveguide. The similarity between the domi-
nant mode of the dielectric waveguide and the dominant
mode in microstrip and the ease with which a transition
between microstrip and an active device may be accom-
plished suggests that a transition could consist of a short
length of microstrip near a device (Fig. 3). Another design
could employ a vertical probe extending upward from the
device into the propagation layer. A combination of the
above alternatives could also be used as a transition. The
device could be biased using side feeds which are perpen-
dicular to the direction of propagation. Passive structures
such as couplers, stubs, T-junctions, and inductors may be
created by fabricating the transmission lines in the de-
sired pattern on the substrate and selectively adding met-
allization to add inductance or improve power confine-
ment. The various theoretical and experimental issues
associated with the use of these waveguides in integrated
circuits are suitable topics for future work.

III. THEORY

The propagation constants y and fields of the proposed
lines have been analyzed using a mode-matching method,
similar to the ones employed in [1]-[3], [9], [10], [11]. The
general structure, shown in Fig. 4, is created by assuming
the sidewalls of the waveguides are parallel to the x-axis.
The nature of the etching process will cause the actual
waveguide sidewalls to be angled with respect to the
x-axis, but, given the very small height of the propagation
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Fig. 4. General structure for mode matching analysis.

layer, this approximation will not significantly alter the
results. The structure is uniform in the z-direction. Along
the y-axis, the structure is divided into sections at y = + b.
Each section is divided into layers along the x-axis at
x=Hhy, hy+h, and A, + h, + h,. Each layer is character-
ized by its permittivity e€; losses are accounted for with a
complex permittivity € = €,€'(1.0 - j tan 8). The outer sec-
tions (|y| > b) extend to y =+, The structure employs
perfectly-conducting plates as top and bottom boundaries.
The lower plate serves as a ground plane. The upper
plate exists so that the mode-matching analysis may be
easily applied, but it is placed far enough away from the
guiding structure so as to not affect the guidance proper-
ties. Using symmetry, the structure can be simplified by
adding either a magnetic or electric wall in the middle
and only considering half of the structure. For this formu-
lation, the ranges y < —b and — b <y <0 are des1gnated
as sections 1 and 2, respectively.

Each section of the structure is a section of an inhomo-
geneous parallel plate waveguide, which supports TE,
and TM, modes. The vector potentials 4=a,£ and
F = f % generate the fields via

— — 1 — 1 —
E=—jod+——VV-A+—-VXF (1)
Jwew . €
— 1 -
H=—VXA+joF - VV-F. (2)
M Joweu

Assuming propagation in the z-direction of the form e~??
and solving the wave equation gives the following infinite
summations as solutions for the vector potentials:

a,= Xl‘,wij(x)MM(y)e'” (3)

f= ZWE(XM F(y)e ™ (4)

where i indicates the layer, j indicates the section, and
the superscripts E and M refer to TE, and TM modes,
respectively. Considering first the TE, modes, the func-

- The constants C/€ and D/

1849

tions /E(x) and ¢/E(y) are given by

YiE(x) = AYE cos kiFx + B”E sin k7Ex. (5)
() = CclE exp( kyr ) sectionJ 1 '
" | CFEcoskify + DiEsink2fy  section 2
(6)

are sometimes referred to as
mode amplitudes. The wavenumbers k%F, kJ7 and the

propagation constant vy satisfy the dispersion relation
L2 2
(kl]) _w2 l]Mlj__(kl]E) +(k;E) __( )2“ (7)
The propagation constant y is constant for all i, j; ky,,
C , and. D’_E are constant for all layers i in section j;
and_ kYE AYE and BJ’E depend on both the section and

layer indices. In a given section j with any two layers i
and i, kYF and kJE are related by

(kY = (KUY = (k™) = (k3fE)"
Similar relations hold for the TM, modes.

Boundary conditions at all interfaces are applied to
determine the unknown constants AVE BIE CJE, DJE,
AUM BUM M and D{M. Each mode can be shown to
1nd1v1dudlly satlsfy the boundary conditions at x = a;, SO
that the x-dependence of each mode in each section is
determined to within one constant per mode. (E.g., the
constants associated with the x-dependence of the /th
TE, mode in the layers above layer 1 may be determ ined
in terms of AYE) The boundary conditions at x = a; also
yield transcendental equations for the x- dlrected
wavenumbers kF and kZM [12]. Mode matching is uti-
lized at y = - b, giving a matrix equation which relates
the mode amplitudes in section 1 to the mode amplitudes
in section 2. A homogeneous system of equations results
from the boundary conditions at y = 0. Values for the
propagation constant are ascertained from zeros of the
determinant of the system. The homogeneous system may
then be solved for the mode amplitudes.

In gerneral, the propagation constant y is complex and
may be expressed in terms of the phase constant § and
the attenuation constant « as Y

y=a+jB. 9)
When vy is real (@ #0, B =0), the mode is non-propagat-
ing. When y is imaginary (a =0, B #0), the mode is a
propagating mode, all the power is bound to the wave-
guide, and the power propagates in the z-direction. When
v is complex (a # 0, B # 0), the mode is also a propagat-
ing mode, but the mode leaks, and power propagates at
an angle away from the z-axis into the surrounding sub-
strate. If the dominant mode is leaky, deleterious crosstalk
effects could be significant.

The frequéncy range at which leakage occurs is evalu-
ated by considering the waveguide structure as two re-
gions, namely, the waveguide and the surrounding sub-
strate [10], [11]. In the waveguide, a propagating mode is a
plane wave traveling at some angle to the z-axis and the
effective index of refraction 7., of this mode is equiva-

®)
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Fig. 5. Software verification by comparison to previous work. (a) Phase constant 3 /k, versus normalized frequency B,
compared to reference [3]. € = 2.22¢ . A = 4.100 mm, w = 4.095 mm, a = 19.680 mm, B = 2k Avfe /e, —1 /m, k,=wy/€, 1, -
(b) Phase constant 8 /k, versus normalized frequency kk . compared to [1). €, =3.8¢,. €, =21 €,, 1 =333 mm, w =840

mm, ¢ = 20.00 mm.

lent to the phase constant B/k,. In the surrounding
dielectric slab, when the dominant TM,, mode is excited,
it propagates with effective index of refraction n_g.. For a
non-leaky plane wave in the waveguide, 74> N g4, SO
each time this wave hits a waveguide side wall (i.e.,
y =+ b), the wave undergoes total internal reflection.
Conversely, for a leaky plane wave, n 4 < Hy,, SO €ach
time this wave hits a side wall, part of the wave reflects
and part of the wave is transmitted into the surrounding
dielectric substrate. The frequency range at which leakage
occurs is determined by calculating n., [14] as a function
of frequency and comparing with 72,

Roots of the transcendental equations for k%F and
kM and roots of the determinant of the homogeneous

x]
system as a function of y were calculated using various

software packages. When small losses in a dielectric re-
gion were considered, the root-finding routines were em-
ployed using the values obtained from the lossless cases
as initial guesses.

Verification of the software was accomplished by com-
paring with the numerical and experimental results given
in [1]-[3]. Examples are given in Fig. 5. Convergence of
the propagation constants to within 0.1 percent was easily
achieved using 18 TE, and 18 TM, modes in cach
section.

IV. REsuLts

The design parameters and characterization of an ex-
ample of each type of guiding structure are given in Figs.
6-9. The structures are designed specifically for 94 and
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Fig. 6. Propagation constant of the structure designed for 94 GHz.
Referring to Fig. 4, h;=0.0324, (86.4 um), h,=0.0491, (130 pm),
hy=0.1161, (309 um), w= 0091/\ (241 pum), a—0863A (2.31 mm),
€, =12.85¢, * (GaAs), €, =3.0¢, (polyamlde) (a) Phase constant as a
function of frequency. (b) Upper bound of attenuation constant as a
function of frequency with worst-case dielectric losses (e, =12.83¢,,
(1.0 j0.002) (GaAs) and €, = 3.0 €,(1.0~ ;0.001) (polyamide)).

490 GHz, respectively. Each structure has a GaAs sub-
strate with a ground plane; the 94 GHz waveguide con-
sists of layers of polyamide and GaAs, and the 490 GHz
waveguide consists of layers of AlAs and GaAs. Although
the substrate of the 490 GHz waveguide is extremely thin
(17.1 pm), the substrate /ground plane configuration can
be realized by growing a layer of intrinsic GaAs on
another highly conductive wafer. The dimensions of the
propagation layers at the design frequencies are on the
order of 1/10th of a guided wavelength A L=2m/B).

Plots of the phase constant versus frequency for the
dominant and first higher order modes of the 94 GHz
structure are shown in Fig. 6(a). The dominant mode has
no cut-off frequency, while the first higher order mode
cuts off at approximately 180 GHz. Similar results hold
for the 490 GHz structure (Fig. 7(a)), where the first
higher order mode cuts off at 960 GHz.
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Fig. 7. Propagation constant of the structure designed for 490 GHz.
Referring to Fig. 4, i, =0.036A, (17.1 um), hy=0.048), (22.7 um),
hy=0.1221, (582 pm), w=0. 064A (30.6 wm), a=0. 965)\ (459 pm),
€;=12.85¢, ((JaAs) €,=10.0¢, (A]As) [13). (a) Phase constant as a
function of frequency. ) Upper bound of attenuation constant as a
function of frequency with worst-case dielectric losses (e, = 12.85¢,
(1.0— j0.004) (GaAs) and e, = 10.0¢ (1.0 - j0.004) (AlAs)).

Included in Fig. 6(a) is a frequency plot of the phase
constant (= ny,) of the dominant TM,, mode of the
surrounding dielectric substrate. As discussed in the pre-
vious section, a comparison of n.;, with the phase con-
stants of the dominant and first order modes of the 94
GHz waveguide determines if and when either of these
waveguide modes leaks; clearly, the dominant mode does
not leak and the first higher order mode is leaky from its
cut-off frequency up to 183 GHz. Similarly, the dominant
mode of the 490 GHz waveguide is not leaky and the first
higher order mode is leaky from cut-off to 980 GHz (Fig.
7(a)).

Field investigations show that both the dominant and
first higher order modes are TM,-like modes, with domi-
nant clectric field components in the x-direction. The
dominant mode is very similar to a typical microstrip
mode, so that the aforementioned coupling to active
devices via short lengths of microstrip is achievable.



1852

1.0 M T T T T T T T T
E 08 .
s
\g/ 0.6 .
2
g o4t .
[
o
2 o2pf ]

0.0 ! Nt i { 1

00 01 02 03 04 05 0.6 07 08 09

Position in x-direction (hg)
(a)

®

Fig. 8. Power density of the structure designed for 94 GHz. Geometry
is described in Fig. 6. (a) Power density along the x-axis at v =0. (b)
Power density over the cross-section of the waveguide.

The power density of the dominant mode of ecach
waveguide is extremely well-confined in the respective
propagation layers (Figs. 8(a)-(b) and 9(a)-(b)). The
power is better concentrated in the propagation layer in
the latter example due to the larger contrasts between
permittivities in adjacent layers.

After including losses in the dielectric layers, the atten-
uation constant o« of the dominant mode of each struc-
ture was calculated as a function of frequency (Figs. 6(b)
and 7(b)). For simplicity, the loss tangents were taken to
be the worst-case (maximum) values over the frequency
ranges, so that the attenuation constants shown in the
plots represent upper bounds for the actual values. A
worst-case value of 0.002 for the loss tangent of the GaAs
layers for frequencies below 400 GHz was obtained from
[15]; extrapolation of the data in this reference provided a
worst-case value of 0.004 for frequencies up to 1.0 THz.
The loss tangent of AlAs was assumed to be comparable
to that of GaAs; if the actual losses of AlAs are signifi-
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Fig. 9. Power density of the structure designed for 490 GHz. Geome-
try is described in Fig. 7. (a) Power density along the x-axis at y = 0. (b)
Power density over the cross-section of the waveguide.

cantly higher, any material which has a lower loss tangent
and is compatible with GaAs may be substituted.
Polyamide, when it is prevented from absorbing moisture,
is known to exhibit low losses in the sub-mm region, and
its loss tangent was taken to be 0.001. Approximate maxi-
mum attenuation constant values for the two examples
are 0.05 dB/A, (18 dB/m) at 94 GHz and 0.19 dB/A,
(400 dB/m) at 490 GHz, respectively. When the lossless
and lossy cases are compared, the phase constants 8 do
not differ significantly.

A simple estimate for the attenuation in the wave-
guides may be obtained from the formula:

=—tand 10
« 2an (10)

where tan é is the loss tangent of the propagation layer.
Equation (10) is derived by assuming that tan § is smail
and that all propagating power is contained in the propa-
gation layer. Comparisons of the results obtained from
the mode-matching technique to the results obtained from
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Fig. 10. Comparisons of the attenuation of the structures of Figs. 6
and 7, rectangular waveguide and microstrip. (a) 94 GHz waveguide
(Fig. 6) compared to 2.54 mm by 1.27 mm rectangular waveguide with
gold sidewalls; and 50 Q microstrip with A=100 um, w=75 um,
€ =12.85¢,(1.0— j0.002) (GaAs) and strip conductivity = 3.33 X 10*
S/mm. Three guiding structures are drawn in the same scale. (b) 490
GHz waveguide (Fig. 7) compared to 0.488 mm by 0.244 mm rectangular
waveguide with gold sidewalls (conductivity =4.1x10* S/mm). Two
guiding structures are drawn in the same scale.

the above formula are included in the attenuation con-
stant plots; these comparisons illustrate the effects of the
losses in the non-propagating layers. If the propagation
layer can be constructed from a low-loss material (as in
the 94 GHz waveguide), and if power confinement in the
propagation layer can then be maximized, losses can be
minimized. Possibly, increasing the thickness of the prop-
agation layer could improve the power confinement.

The attenuation of the waveguides is contrasted with
the attenuation of the conventional rectangular wave-
guide and microstrip in Fig. 10. The rectangular wave-
guides were designed with center frequencies comparable
to the design frequencies of the monolithic waveguide
examples, and the attenuation of the rectangular wave-
guides from sidewall conductor losses was calculated in
accordance with [16]. The microstrip was designed on a
substrate comparable to the substrate used for the 94
GHz waveguide, and its attenuation from both conductor
and dielectric losses was calculated in accordance with
[17]. Due to the impracticality of microstrip at 490 GHz,
the microstrip is shown only in comparison to the 94 GHz
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example. Although the new guiding structures do not
have the extremely low attenuation exhibited by the rect-
angular waveguides, the new waveguides are smaller, and
their monolithic nature allows for both easier construc-
tion of passive circuit elements (such as couplers, stubs,
T-junctions, and inductors) and less arduous integration
of active devices and device-waveguide transitions.

V. CoNCLUSION

Low-loss monolithic waveguides have been proposed
for sub-mm and THz frequency applications. The design
examples have demonstrated a general characteristic of
this type of structure; namely, that the materials and
structures available in monolithic technology allow the
propagating power to be confined in a convenient region
at a given frequency. A wide range of designs is available;
a different choice of materials, dimensions and layer
arrangement could yield waveguides with better power
confinement and lower losses than the examples which
have been presented.

Future studies will include experimental realization of
the waveguides, complete characterization of the wave-
guides’ radiation losses (with the upper conducting plate
removed), integration of active devices, design of an ac-
tive device-to-waveguide transition, and creation of pas-
sive circuit elements with the waveguides.
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