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Investigation of Planar Antennas for
Submillimeter Receivers
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Abstract — A frequency-scaled model of a tapered slot antenna has been
investigated. The antenna consists of a dielectric substrate which serves as
a carrier for a tapered slotline. The width and the shape of the slotline and
the dimensions of the substrate (including the value of the permittivity)
have been varied to investigate the radiation patterns.

The result is a planar antenna with a symmetrical beam in the E and H
planes and a beam efficiency of almost 50 percent. The substrate thickness
is the most important limiting factor for scaling the model to submillimeter
frequencies. Taking away parts of the dielectric substrate in the front area
of the antenna allows a relatively large substrate thickness.

The variations of the half-power beam width versus slot parameters,
versus the dielectric thickness of the substrate, and versus the length and
the width of the substrate are presented. In addition the beam efficiency
has been measured for various frequencies, and the radiation pattern has
been calculated for comparison.

I. INTRODUCTION

OST MILLIMETER and submillimeter receivers

work with horn antennas as receiving eclements.
They have historically been the most common microwave
antenna feed types. The horns are almost always used in
waveguide systems, where the radiation is guided to mixers
and amplifiers by hollow waveguides. Although the attenu-
ation of fundamental-mode waveguides at higher frequen-
cies, especially at submillimeter frequencies, is extremely
high, horn antennas and fundamental-mode waveguides
have been produced for these wavelengths. At higher fre-
quencies, however, the dimensions of horns and wave-
guides become extremely small, so that it takes much effort
to fabricate those components with sufficient precision. An
interesting alternative is the use of planar antennas.

The class of planar antennas can be subdivided into two
main groups: broadside and end-fire antennas. A broad-
side antenna radiates in a direction perpendicular to the
plane of the antenna. Well-known examples are the bow-tie
[8] and the logarithmic-periodic spiral antenna [13]. The
end-fire planar antennas have radiation patterns with the
maximum of radiation in the plane of the antenna. Exam-
ples of this type are the V antenna [7], [9], the linear
tapered slot antenna [1], and the Vivaldi antenna, first
developed by Gibson in 1979 [2].
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We have investigated various planar tapered slot anten-
nas in a frequency-scaled version at about 10 GHz. The
aim was to develop a planar antenna with a symmetrical
beam pattern in the £ and H planes. The side lobe level
should be 15 dB below maximum. A difficult requirement
is to ensure that the antenna can be fabricated after scaling
all dimensions to submillimeter frequencies. The most
critical value is the thickness of the substrate. The beam
pattern will no longer be symmetrical and the level of the
side lobes will increase dramatically if the substrate thick-
ness is too large. On the other hand the thickness of the
substrate should not be too small because of the problems
encountered in fabricating the aritenna at the final dimen-
sions.

An important characteristic of an antenna is its main
beam efficiency. The open structure of the planar antennas
does not allow main beam efficiencies as high as those of
horn antennas. This disadvantage is outweighed by the
interesting possibility of producing closely packed arrays
of planar antennas and using them as a multiple-beam
system. For a passive imaging radiometer, a system with N
individual beams yields an N-fold increase in mapping
speed; alternatively the array can increase the power sensi-
tivity of a receiver by a factor of YN for a given mapping
speed.

Two other advantages of the planar antenna are that it
is easy to integrate the feeds with mixer or amplifier
devices on the same substrate that carries the antenna
structure, and it is possible to put a large number of planar
antennas on the same substrate. They can be produced
using photolithographic techniques, reducing the addi-
tional costs for a multiple-beam system.

II. INVESTIGATION OF THE PLANAR ANTENNA IN A
FREQUENCY-SCALED VERSION

A. Beam Patterns and Shapes of the Antenna

Fig. 1(a) shows the model antenna for a frequency of
8.5 GHz. In the front area of the antenna a part of the
dielectric substrate has been removed to improve the an-
tenna characteristics. The substrate is a dielectric material
consisting of a mixture of Teflon and alumina; its permit-
tivity is 10.5, which is close to the permittivity of silicon
(¢, =11.3). One side of the substrate is covered with a
layer of copper with a thickness of 35 pm. The substrate of
the final antenna at submillimeter frequencies could be
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Fig. 1. (a) Planar slot antenna; perspective sketch with coordinate
system. (b) Top view of the antenna with slot-to-microstrip transition
and important dimensions (given in the text), substrate permittivity:
¢, =10.5.

silicon, which is available with the required small thick-
ness. Another advantage of silicon is that it can be etched,
so it will be possible to take away a certain amount of the
substrate even at the final dimensions, which will be smaller
than the dimensions of the model by a factor of 30 to 70.

A top view of the antenna is shown in Fig. 1(b). The
length / is 110 mm; the width B of the antenna is 75 mm.
The dielectric substrate serves as a carrier for the antenna
structure, which is a tapered slotline. The front taper
results in a bandwidth higher than that which an antenna
with a constant slot would have and transforms the free-
space impedance (377 £) to the impedance of the slotline.
The width W, of the slotline at the front end of the
antenna is 35 mm. The exponentially tapered section ends

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 37, NO. 2, FEBRUARY 1989

in a constant-width slotline (W, =19 mm, L,=15 mm)
with a length L, of 25 mm. The exponential taper of
length L, =50 mm transforms the constant-width slotline
to a slotline of width W, = 0.9 mm.

The received power is detected by a coaxial detector via
a slotline-to-microstrip transition, as can be seen in Fig.
1(b). This transition uses a cross junction. The slotline
etched on one side of the substrate is crossed at a right
angle by a microstrip conductor on the opposite side. The
slot and the microstrip line each extend about one quarter
of a wavelength beyond their intersection. In [6] Knorr
presents an equivalent circuit of a slotline-to-microstrip
transition and gives some conditions which have to be
fulfilled for a perfect match. The main result is that the
optimal impedance of the microstrip line can be calculated
from the parameters of the slotline. At a frequency of
8.5 GHz, the microstrip impedance should be 70 € for a
slotline impedance of 93 €. For this transition, a VSWR
value less than 1.6 has been obtained from 7.5 to 9 GHz.
The lowest value reached at 8.5 GHz is 1.2.

Janaswamy and Schaubert [15] have developed a method
which allows the calculation of the beam patterns of
tapered slot antennas. This analysis consists of two steps.
In the first step, the tangential component of the electric
field distribution (z direction, see Fig. 1(a)) in the tapered
slot is calculated. After Janaswamy et al., the x-directed
slot field contributes only to the cross-polarized radiation
in either principal plane, and is therefore not considered in
the calculations. The presence of the dielectric is accounted
for in this first step, but is ignored in the second one,
where the far fields radiated by the slot fields are obtained.
The continuous taper of the slotline is approximated by a
number of sections of uniform width connected end to
end. The characteristic impedance, the slot wavelength, the
slot electric field, and the radiated far-zone field are calcu-
lated for each of these uniform sections. The radiation of
the antenna can then be obtained by adding up the contri-
butions from all sections of the approximated slotline. So
it 1s possible to assume a dielectric constant which is not
the same for all sections.

The model is ideally valid for an antenna with an
infinite extent in the z direction, but Janaswamy et al. [15]
also found an acceptable agreement with measurements
for antennas with lateral dimensions of 3 wavelengths.

We calculated the beam patterns of the tapered slot
antenna shown in Fig. 1 with and without parts of the
substrate removed.

In Fig. 2 the calculated and measured beam patterns of
the antenna in the E plane with no substrate removed are
shown. The E plane is defined as the x —z plane (see Fig.
1(a)). For the calculations the tapered slotline was approxi-
mated by six sections of uniform width. After Janaswamy
et al. [15] a good agremeent with experiment is obtained
for relatively thin substrates (% /A, = 0.01) with permittiv-
ities of 2 or 3. For thicker substrates, especially for those
with high permittivities, a poorer agreement with experi-
ment can be seen. In addition they found that the calcu-
lated slot wavelengths were higher than the measured value
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Fig. 2. E-plane beam patterns of the slot antenna at 8.5 GHz; substrate
thickness is 1.27 mm, permittivity ¢, =10.5, no substrate removed,
———— calculated pattern, measured pattern.

for a particular substrate. This can have dramatic effects
on the pattern beam widths and in the side lobe level,
especially in the H plane. The width B of the antenna,
which is considered to be infinite in these calculations, has
a more pronounced effect on the E-plane pattern than on
the H-plane pattern.

The slotline field components are not confined to the
substrate alone. They extend into the air regions above the
slot and below the substrate. Therefore, the energy is
distributed between the substrate and the air regions.
Consequently, the effective dielectric constant is less than
the substrate permittivity €,. Thus, removing parts of the
substrate has an additional effect on the effective permit-
tivity of the slotline. As a consequence, the slot wavelength
is different from that with no substrate removed. The slot
wavelength has a more pronounced effect in the H-plane
pattern ‘han in the E-plane pattern. This is because the
H-plane pattern depends on the slot wavelength (i.e., on
the phase velocity of the traveling wave) and on the
antenna length. The E-plane pattern is much more sensi-
tive to a change of the slot taper shape.

We calculated the beam patterns of the antenna, al-
though no exact model was available for calculating the
effective dielectric constant for parts of the substrate being
removed. The tapered slotline was approximated by ten
steps, and the effective permittivity was estimated to be 2.2
in the front area of the tapered slotline. From a distance
L, =63 mm measured from the aperture end of the an-
tenna (see Fig. 1) up to the end of the slotline the permit-
tivity is 10.5. In the region where the substrate is not
completely removed, the permittivity is assumed to in-
crease from 2.2 to a value of 10.5. In Fig. 3 the calculated
and measured radiation patterns in the £ and H planes
are shown for the planar antenna as in Fig. 1. The E plane
is defined as in the x—z plane, the A plane as the x—y
plane, as indicated in Fig. 1(a). These measured patterns
were obtained with optimized dimensions of the tapered
slotline and an optimized shape of the missing
substrate, as can be seen in Fig. 1(b). The beam is fairly
symmetric in the principal planes. The half-power
beamwidth is 50°; depending on the application, it may be
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Fig. 3. (a) E-plane beam patterns of the slot antenna at 8.5 GHz;
substrate thickness is 1.27 mm, some substrate removed, permittivity
€, =10.5, ——~— calculated pattern, —-— measured pattern. (b) H-
plane beam patterns of the slot antenna at 8.5 GHz; substrate thick-
ness is 1.27 mm, parts of the substrate removed, permittivity €, =10.5,
———— calculated pattern, measured pattern.

transformed by additional optics. The optimization of the
antenna structure and of the effective permittivities in each
section of the slotline has been done by both calculations
and measurements.

B. Influence of Substrate Permittivity

It is very important to remove the dielectric substrate in
the front area of the antenna, as indicated in Fig. 1, to
obtain the beam patterns shown. Fig. 2 shows a pattern of
an antenna with no substrate removed. This antenna re-
ceives the same power at almost all angles. In this case it is
not the slotline but the dielectric material which plays the
most important role. For a lower dielectric constant, for
example €, =2.2 (see Fig. 4) and for a smaller substrate
thickness, the beam pattern is acceptable even with no
substrate removed. The shape of the antenna and the
slotline parameters have not been optimized for a permit-
tivity of €, =2.2. The intention was to make clear the
influence of the different permittivities.

It is obvious that it is easier to get an acceptable
performance of the antenna by using a substrate with a
low permittivity or with a small thickness. To ensure that it
is possible to scale the model antenna to submillimeter
frequencies it is necessary to choose a material as substrate
which can be fabricated with the required thickness at the
final frequency. Silicon has a permittivity of 11.3, and it is
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Fig. 4. E-plane beam pattern of the slot antenna with substrate thick-

ness 0.63 mm; no substrate removed; f=28.5 GHz, ¢, =2.2, measured
pattern.
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Fig. 5. Beam pattern of the slot antenna with substrate thickness
2.5 mm; parts of the substrate removed; f=28.5 GHz, ¢, =10.5, ~—~
H-plane pattern: E-plane pattern, both measured.

available with a thickness of 20 um. The model antenna
has a substrate thickness of 1.27 mm, so that scaling to
600 GHz is possible.

In Fig. 5 the E- and H-plane beam patterns of the slot
antenna on a substrate with &= 2.5 mm are shown. The
side lobe level of the beam in the H plane has increased,
and the beam width has become a little smaller. The beam
pattern is no longer symmetric, because the E-plane beam
has split and its side lobes are only 4 dB below maximum.
This pattern cannot be regarded as an acceptable antenna
pattern. A substrate thickness of 1.27 mm seems to be the
upper limit at this frequency.

Most of the planar antennas that have been developed
so far, for example the Vivaldi antenna [2] and other
end-fire planar antennas, work with substrates and permit-
tivities of 2 or 3 and normalized substrate thicknesses
h, = h/\, lower than 0.02.

C. E- and H-Plane Beam Widths of the Antenna Patterns

The E- and H-plane beam widths depend on the length
of the slot and the width of the metallized area. The 3 dB
width of the E- and H-plane beams versus normalized
length for two different vatues of the width are presented
in Fig. 6. In Fig. 6(a) the width B of the antenna (see Fig.
1(b)) is 55 mm and the beam widths in the E and H
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Fig 6. (a) 3 dB beamwidth in the E and H planes versus length of the
antenna, normalized to the wavelength: width B of the antenna is
55 mm. (b) 3 dB beamwidth in the £ and H planes versus length of the
antenna, normalized to the wavelength; width B of the antenmna is
75 mm.

planes are different for all normalized lengths (the slot
width W, was not changed). As expected from the theory
of traveling wave antennas, the beam width decreases with
increasing length of the antenna. This variation is very
strong for small values of the normalized length of the
antenna. The broader antenna with a width B equal to
75 mm shows a similar trend. The H-plane beam width
has not changed very much, but the E-plane beam width
has. For relatively short lengths, the E- and H-plane beam
widths are equal. It should be noted that each point of the
curves in Fig. 6 represents the optimized value of the 3 dB
beam width in the £ and H planes. Changing the fre-
quency of operation or changing the length L of the
slotline shows different results.

Many other parameters can be varied to improve the
beam pattern, the side lobe level, and the main beam
efficiency (see below). The length L, of the exponential
taper, transforming the slot impedance to 90 Q, should be
larger than the free-space wavelength. The length of the
front or aperture taper L, is less critical. The shape of the
removed substrate was found to give the optimal beam
pattern if it is cut along the metallization, as indicated in
Fig. 1.
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Fig. 7. Beam pattern of the slot antenna in the H plane with cross-
polarization relative to the maximum of the received power in the
polarized component, both measured pattern.
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D. Cross Polarization

The pattern described above has a maximum in the
plane of the antenna (x-—z plane). Measurements have
been made in the E and H planes of both the polarized
and cross-polarized component. The cross-polarization in
the H plane is shown in Fig. 7 in dB below the maximum
of the copolarized component. The cross-polarized compo-
nents were measured to be more than 20 dB below maxi-
mum. In some planes the cross-polarized components are
somewhat higher; in others they are lower than 20 dB
below maximum, (

E. Main Beam Efficiency

A complete description of the field pattern F(®,®)
requires field intensity measurements in all directions.
From a complete pattern the solid angles £,, and &, of
the main beam and of the whole pattern, respectively, can
be calculated. We measured F(®,®) at values for @ from
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—90° to 90° in steps of 5°. At each value of @, the pattern
in the © direction was measured for values of @ varying
continuously from 0° to 360°. The steps between two
values of ® were 5° as a compromise between the time
necessary for a complete measurement and the desired
accuracy of the calculated values of the solid angles ,,
and Q. The main beam efficiency at 8.5 GHz was found
to be 43 percent.

Another method was used to obtain the beam efficiency
for various frequencies. The signal received by the antenna
from absorbers at two different temperatures is amplified
and then mixed with a tunable local oscillator signal. A
power meter detects the received power (se¢ Fig. 8(a)). The
diameter of the absorber is chosen so that it fills the main
beam when the absorber is in the far field. The different
beam widths of the antenna patterns at different frequen-
cies have been taken into account. To measure the main
beam efficiency, the antenna is first directed to an ab-
sorber filling the whole pattern with radiation of 300 K.
Then the main beam is directed to an absorber cooled by
liquid nitrogen (77 K), while the stray pattern receives
radiation from the warm (300 K) environment. Finally the
whole pattern is directed to the cold absorber. From these
three values the main beam efficiency is calculated. These
measurements have been made for various frequencies by
tuning the local oscillator frequency.

The measured values of the beam efficiency versus fre-
quency are shown in Fig. 8(b). The antenna has been
optimized for frequencies of 8.5 GHz. At other frequencies
the main beam efficiency is lower than 45 percent. A
dramatic decrease can be seen at a frequency of 9.5 GHz.
From this frequency on, the side lobe level increases dra-
matically and the width of the main beam decreases, so
that most of the power is received by the stray pattern and
not by the main beam. At 8.5 GHz the values from the two
methods are nearly equal.

F. Array Performance

The application of planar antennas to the construction
of an array of receptors has been discussed above. It would
be interesting to know whether the planar antennas
can be packed closely without too much degradation of the
beam patterns. The best trade-off between spacing and
pattern properties has yet to be found. If the antennas are
too close to each other, the beam deformation will be very
strong. The main beam is no longer symmetrical, and the
side lobes begin to grow. If a line of antennas is con-
structed, the optimal distance from a point on one slotline
to the corresponding point on the next is about 20 mm (at
8.5 GHz). In this case, the beam patterns can hardly be
distinguished from those of a single antenna. It has been
demonstrated by Johannson [16] that a 5X 5 element array
congisting of constant-width planar slot antennas works
well.

I1I. CONCLUSIONS

A planar antenna on a dielectric substrate with a rela-
tively high permittivity and high substrate thickness has
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been developed, so that the antenna can be scaled to
submillimeter wavelengths. In [1] Yngvesson et al. investi-
gated various planar antennas, such as Vivaldi, LTSA, and
CWSA antennas. They define an effective dielectric sub-
strate thickness h g = (\/Z —1)h /A, normalized to the
wavelength. Yngvesson ef al. obtained good results with
antennas on substrates with normalized thickness of 0.005
to 0.01. The technique of removing a part of the substrate
allows normalized effective substrate thicknesses of 0.08.
We think that this technique of removing parts of the
substrate can be applied to other planar antennas as well.

The slot antenna presented here has a symmetrical beam
in the £ and H planes and the side lobe level is accept-
able. Scaling all dimensions to submillimeter wavelengths
should result in an antenna with almost the same charac-
teristics, since the impedance Z,, the effective permittivity
€,cr>» and the phase velocity V), depend on the normalized
dimensions X:

ZO’Erefprh: Fz,c,v(‘Xif’ Xl/Xi’ XZ/){;ﬁ' ' '7Er)-

The functions F,, F,, and F, describe the dependence of
the impedance Z, the effective permittivity ¢,, and the
phase velocity v, on the normalized wavelength, the di-
mensions of the slotline, and the thickness and permittivity
of the substrate. '

These end-fire planar antennas can be arranged in an
array so that the antennas in the same line can be placed
on the same substrate. Broadside planar antennas radiate
in a direction perpendicular to the plane of the antenna, so
that more space is needed to integrate them into arrays.
The well-known bow-tie antennas [8] and the logarithmic-
periodic spiral antennas [13] are very broad band, but their
beams are very broad, their beam patterns are not symmet-
rical, and it secems to be difficult to integrate mixer and
amplifier devices because of their shape.

The class of end-fire planar antennas is expected to
receive increased attention, especially for integrated circuit
applications. Integrating some additional elements such as
mixers and amplifiers in planar techniques on the same
substrate makes it possible to have a “complete” receiver
on a single substrate. Based on the described results we
intend to scale up the model antenna to higher frequencies,
to fabricate arrays of those antennas, and to integrate
mixer element. '
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