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Abstract —Tapered slot antennas (TSA’S) have a number of potential

applications as single eIements and focal plane arrays. TSA’S can be
fabricated with photolithographic techniques and integrated in either hy-

brid or MMIC circuits with receiver or transmitter components. They

offer considerably narrower beams than other integrated antenna elements

and have high aperture efficiency and packing density as array elements.

Typical applications which have been demonstrated or are under develop-

ment are reviewed.

I. INTRODUCTION

IN MANY applications of millimeter-wave integrated
circuits, power is either radiated or received by an

antenna element. Ideally, one would then prefer to be able
to integrate the antenna and the rest of the circuit on a
single substrate or fabricate both parts of the subsystem as

integrated components which can be joined easily. An-

tenna elements or arrays which radiate a broadside beam
may use microstrip patches, dipoles, or slots. Antennas of

this type integrated with different types of circuits have
been studied extensively and implemented successfully into
subsystems [1]. This paper describes an alternative inte-
grated antenna element which has received attention re-
cently— the (end-fire) tapered slot antenna (TSA) element.
A typical TSA consists of a tapered slot which has been

etched in the metallization on a dielectric substrate. Fig. 1
shows three TSA elements with different shapes of the

taper—the “Vivaldi” (exponential taper), the LTSA (lin-

ear taper), and the CWSA (the primary radiating portion
of the slot has constant width). TSA elements radiate
along the long direction of the substrate and can also be
easily combined into arrays (see Fig. 2). Whereas arrays of
microstrip patches typically have all elements located on a
single substrate, two-dimensional arrays of TSA’S require a
number of substrates equal to the linear dimension of the
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Fig. 1. The three different types of end-fire tapered slot antennas con-
sidered in this paper. A dielectric rod antenna is shown for comparison.
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Fig. 2. A typical LTSA array (5X 5 elements) with a finline to wave-
guide feeding block. The pattern etched on one of the substrates is
shown to the right.

array. TSA single elements and arrays have some impor-
tant advantages which make them potentially very well
suited to a number of applications:

● Much narrower beam widths (down to 150 – 3 dB
beam width, and 30° – 10 dEl beam width) and higher
antenna element gain can be achieved. This makes it
feasible to illuminate reflector antennas and lenses

directly with low spillover losses.
● The radiating portion of the TS’A is well separated

from the integrated circuit wlhich follows it, and there
is ample space for the latter. The circuit connection to
the TSA can be accomplished in several ways, such as
a transition to finline or implementing the circuit in
slotline, as will be discussed later.

. The transverse spacing between TSA array elements
can be made very small, even when the radiated ele-
ment pattern has a narrow beam width. This feature is

advantageous in many applications.
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* The band width is much wider than for typical broad-

side antenna elements (excepting the log-periodic and
spiral types), in some cases more than two octaves [2].

Single-element TSA’S can be applied as feeds for reflec-
tor or lens antennas, and we will describe examples of S1S
mixers integrated with TSA’S. Alternatively, one may uti-
lize the fairly high gain of TSA single elements (up to 17

dB) directly. Such antennas are very inexpensive to fabri-

cate and could be useful as low-cost integrated antenna/
receiver/transmitter units.

Arrays of TSA’S have a number of potential applica-
tions. For example, high-resolution millimeter-wave imag-
ing has been demonstrated with prototype TSA/reflector
systems. TSA arrays could provide lightweight alternatives
for focal-plane applications in satellite communication an-

tennas involving beam shaping and beam switching. We
also present data in this paper regarding phased arrays of
TSA’S.

This paper reviews information regarding TSA’S in terms

of their properties as radiating elements as well as circuit
elements, information which so far has not been available
in a single paper. Some very recent research results have

also been incorporated to make the review up to date.

H. REVIEW OF CHARACTERISTICSOF TSA

SINGLE ELEMENTS

A. Beam Width, Directivity, and Gain of TSA
Single Elements

Tapered slot antennas belong to the class of traveling-
wave antennas of the “surface-wave” type; i.e., they utilize

a traveling wave propagating along the antenna structure
with a phase velocity Uph < C. Another example of a sur-
face-wave antenna is the dielectric rod antenna [3], also

shown in Fig. 1. Despite the completely planar geometry
of the TSA, it can produce symmetric radiation patterns in
the planes parallel to the substrate (the E plane) and

perpendicular to the substrate (the H plane). The review
by Zucker [4] in Jasik’s Antenna Engineering Handbook is
especially useful in establishing the expected behavior with
respect to beam width and directivit y for traveling-wave
antennas. The beam width narrows, and the directivity
increases, as the length (L) of the antenna is increased.
For a traveling-wave antenna with a constant phase veloc-
ity, there is an optimum pliase velocity ratio p = c/vP~ = 1
+ A~/2 L, which results in maximum directivity, Zucker’s

“high-gain” case. This is equivalent to saying that there
should be a total phase increase of 180° due to dielectric
slowing for the wave traveling along the antenna structure.
For a larger total phase shift than this, the beam moves
into invisible space, and a null develops on the axis,
rendering the antenna useless. In most TSA’S the phase
velocity is not constant along the antenna, and the situa-
tion is similar to that of a tapered dielectric rod antenna,
classified by Zucker as the “ low-sidelobe” case, with some-
what lower directivity than the high-gain case. The phase
velocity along a TSA may be varied by changing the
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Fig. 3. Directivity estimated from (2) using measured patterns for
LTSA’S on substrates of four different thicknesses (t) plotted versus
normalized length (L/ A~). Three curves representing standard travel-
ing wave antennas are also shown.

dielectric thickness, the dielectric constant, or the taper

shape, so that beam widths are obtained which are in the
range covered by these two standard cases of traveling-wave

antennas. The case of air dielectric ( p =1) also results in a

useful antenna [5], but with a somewhat wider beam width.
Another general constraint for TSA’S is that the slot width

should reach at least one half wavelength for effective
radiation to occur.

The directivity and beam width for the standard cases

are usually plotted versus antenna length normalized to the
free-space wavelength. Directivities and beam widths for
LTSA’S on Kapton (c, = 3.5) with different substrate

thicknesses are shown in Figs. ‘3 and 4, also including the
prediction for the air dielectric case (p= 1). Further data

are given in [6]–[8]. With the typical dielectric thickness
used, the beam widths fall between the low-side-lobe and

high-gain cases. The directivity of TSA’S follows the length
dependence of the standard cases but with somewhat lower
values, generally, as discussed in detail below. The beam
widths, and beam shapes, also agree quite well with theo-
retical calculations, provided that the width of the sub-

strate is at least six wavelengths [8]. These calculations
assume a traveling wave along the tapered slot and use a
calculated phase velocity, which has to be adjusted slightly

to agree with experimental measurements on wide slots [8].
Further calculations are in progress for the more difficult
case of narrower substrates [9]. Preliminary results indicate
good agreement for LTSA’S with air dielectric. An analyti-
cal theory exists for the infinitely wide air-dielectric (TEM)
LTSA [5]. The H-plane beam width follows Zucker’s curves
for such TEM LTSA’S, while the E-plane beam width
narrows faster than this as the length is increased.

From the above studies, one can identify an approxi-
mate optimum range of about 0.005 to 0.03 for the effec-
tive dielectric thickness of the substrate normalized to the
free-space wavelength XO, which is defined by

(1)

(t is the actual substrate thickness). For thinner substrates,
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2–4 dB than the directivities estimated as described above.
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Fig. 4. 3 dB beam width versus normalized length for the same LTSA’S
width is independent of this variable.

as in Fig. 3. (a) E plane. (b) H plane.

C. Impedance

the beam width will be wider, while for thicker substrates,
the main beam will break up, as discussed earlier. It is

therefore especially important to observe the upper limit to

the thickness of the substrate, and we will return to this
question below.

The standard method of finding the directivity for a feed
antenna is to integrate tlie measured (copolarized) E- and
H-plane patterns as follows:

The directivity calculated in this manner agrees well
with Zucker’s standard cases (see Fig. 3), which is expected
since it reflects the behavior of the beam width and the
fact that the side lobes are as low as for typical traveling-
wave antennas. A measurement of the gain can be ob-
tained for TSA’S with a finline/waveguide transition by

comparing the signal picked up by a waveguide detector
from the TSA output with that of a standard gain horn,
using the same detector. The measured value of the attenu-
ation of the finline/waveguide transition (0.75 dB at
35 GHz) is added to the detected power from the TSA, so
that the gain will be referred to the input of this transition.
The gains measured in this way are generally lower by

The input impedance of an LTSA without a dielectric
can be predicted by using conformal mapping [12]. Mea-
sured values for a “double” LTSA, as a function of open-

ing angle of the taper, agree well with this theoretical
prediction [6]. A typical LTSA with dielectric was found to
have an input impedance of 8C1 0, independent of fre-

quency over a 3:1 frequency range. Similar impedance
values are also expected for other shapes, since the detailed
shape of the feed region is unlikely to influence the
impedance very much. The fact that the impedance varies
so little is an advantage in applications of TSA’S.

D. Effects of a Thick Dielectric

Fig. 5(a) illustrates the effects which occur if the effec-
tive dielectric thickness is too large. In this case, a Duroid
6010 substrate (dielectric constant =10) with a thickness of
0.25 mm was used for an LTSA :measured at 35 GHz. The
normalized effective thickness”is about 0.06 (compare (l)).

One can regain a usable bear-n shape when using this
substrate by eliminating the substrate in the tapered re-
gion, as shown in Fig. 5(b). The clielcctric still has an effect
at the edge of the taper; i.e., the beam width is consider-
ably narrower than for the air-dielectric case. Similar tech-
niques are expected to be usefu I in extending the use of
TSA’S to higher frequencies and higher dielectric constant

substrates, such as silicon and GaAs.
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patterns of an LTSA on Duroid 6010 substrate (c, = 10). (a) Without cutting of substrate m tapered
region, (b) With cutting the substrate in the tapered region. (c) Outline of the antenna.

E. Wide Opening Angle TSA ‘s, Bandwidth Effects

The original Vivaldi antenna, as developed by Gibson

[2], employed a taper which opened up much faster thm
the TSA’S described so far in this paper. The effect of this
is that the beam width, when plotted either versus fre-
quency or normalized length, becomes constant instead of
decreasing as predicted by the Zucker standard curves.
Gibson measured a roughly constant beam width over a
band of about two octaves. This effect can be qualitatively
explained if one observes that the effective radiating length
of the antenna at a given frequency is less than the total
length, since the radiation tends to leave the antenna
structure earlier, the shorter the wavelength is. Recently,
DeFonzo and coworkers [13] have studied similar antennas
in the time domain. For the TSA’S with smaller opening
angles, which are the main case discussed in the present

paper, the beam width is of course dependent upon fre-
quency, essentially as predicted by Zucker’s curves. It also
appears that a somewhat thicker substrate can be utilized
for this type of TSA; for example, Gibson used a
0.25-mm-thick alumina substrate up to 40 GHz, an effec-
tive thickness according to (1) of about 0.07. Another class
of TSA’S (not covered here) has lengths of 1 to 2 wave-
lengths [14] and beam widths more similar to those of

broadside integrated elements.

III. CHARACTERISTICSOF TSA ARRAYS

A. Beam Width, Directivity, and Gain of TSA Elements in
Arrays

In most applications, the TSA array will be used as a
focal plane array in conjunction with a reflector or lens
focusing element (in order to be specific, we assume a
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reflector antenna in what follows). We will therefore be
interested in finding array parameters which result in equal
E- and H-plane beam widths at about the – 10 dB level in
order to illuminate the reflector for maximum aperture

efficiency. We will also be interested in the range of f/D
values for the reflector for which it is feasible to design an

efficient TSA array. It has been found that the most

efficient TSA arrays are those with an element spacing of
roughly 1–2 wavelengths. For element spacings larger than
this, the radiation patterns become quite similar to those
of single elements, as expected, so we will deal primarily
with the arrays with the smaller spacings. Fig. 6 gives
examples of how the – 10 dB beam width varies with
antenna element length, as measured at 35 GHz, for two
LTSA arrays with the same element spacing of 1.5 wave-

lengths but different taper opening angle. As can be seen,

fairly small changes in length may change the beam widths
quite drastically. In both cases, one can find an antenna

length for which the E-, D-, and H-plane beam widths are
equal, however. A theoretical model which can predict the
radiation patterns of TSA array elements has not yet been
worked out, and one must find the optimum array parame-

ters empirically. Efficient versions have been developed of
both the LTSA and the CWSA type (see, for example, [15]

and [16]).
While the directivity of single elements in principle may

increase indefinitely with increasing antenna length, this is
not possible for array elements, since the element gain is

constrained by the area occupied in the array, by each
element. If we assume for simplicity an array with square
symmetry, and with an element spacing of d, then the
element area is d 2, and the element gain is limited to

4nd2
G =—max

A* “
(3)

We have measured element gains for LTSA array ele-

ments by comparison with a standard gain horn and have
found that they do indeed approach G~a. As an example,
Fig. 7 shows the measured gain from 27.5 to 40 GHz for a

5 X 5 element LTSA array with 1.5 AO spacing at 35 GHz.
~= has also been plotted, and one can see that theG

average difference is about 0.5 dB. We can define G/G~=
as the aperture efficiency for the array alone (note that this
is different from the aperture efficiency for the reflector
system, to be discussed in subsection III-B), and obtain

about 90 percent for the above array (with a likely error of
~ 10 percent). The high aperture efficiency is unique to

TSA arrays, and one should note that this efficiency is
maintained over a waveguide band.

It is again interesting to compare the measured gain
with the directivity estimated from the radiation patterns.
If the directivity is derived in the standard manner from
E- and H-plane patterns only, using (2), one obtains
values which are typically about 2–3 dB higher than the
measured gain, and considerably higher than G~a as well.
This high directivity reflects the fact that the traveling-wave
radiation mechanism successfully narrows the beam to a
width which is unusually small for an element of the given
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Fig. 6. 10 dB beam width versus normalized length fpr elements in a
5x5 LTSA array with d/A. =1.5 for (a) 2y = 7.5° and (b) 2y =11.2°.

size. If the directivity is instead obtained by integrating
copolarized and cross-polarized patterns for the E, H, and
D planes, as described for single elements, one typically
finds a directivity which is abc}ut 1 dB higher than the
measured gain. Since the measured gain must include

ohmic and dielectric losses, these numbers are entirely

consistent, within the measurem~ent error. The integrated
cross-polarized power radiated is typically about 20–30
percent of the total radiated power. One may also note

that if a polarization filter, such as a grid, were to be
placed in front of the array, the measured gain would be
the same, while the cross-polarized lobes would be essen-
tially eliminated. Typical radiaticm patterns for both polar-
izations in all three planes are given in Fig. 8.

B. Circuit Properties of TSA Array Elements

Elements in a typical broadside array, such as dipoles,

with close element spacing, shclw substantial changes in

the input impedance compared to isolated elements. TSA
elements, however, show very little of these effects. Specifi-
cally, elements which are fed from a finline transition have
a return loss at the waveguide ports of about 15 dB. Also,
if one port is fed, the power coupled via the TSA array to
the other waveguide ports is about 25 or 30 dB down.
Shorting or open-circuiting other elements does not result
in any detectable effects on thie radiation pattern of a

particular element. On the other hand, the forward cou-
pling to neighboring radiating elements is often quite
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Fig, 7. Estimated directivity and measured gain versus frequency for an
element in a 5 x 5 LTSA array, Parameters are L/AO = 7,6, d/AO = 1,5,
and 2y = 11.2°. Gmm (see eq. (3)) has been plotted for comparison.

substantial, an effect which may be partly responsible for
the high aperture efficiency of TSA arrays, which was

discussed in the previous section.

IV. TSA ANtAyS AS FOCAL PLANE ARRAYS

One can also use the measured radiation patterns to

estimate the aperture efficiency of a reflector antenna
system which uses a TSA focal plane array. The best
arrays developed so far achieve estimated system aperture
efficiencies of 40–50 percent at element spacings of about

1–1.5 A~ for an f/D =1 system [15]. For f/D larger than
about 1.5, the aperture efficiency decreases. It is important

to note the small element spacing, since other types of
elements yield wider beams, if compared at the same size
as a TSA element, and consequently suffer spillover losses,
which decrease the efficiency below that of TSA arrays
[17]. The relative size of a CWSA array is compared in Fig.

9 with an array of conical horns which would yield the
same element beam width.

V. INTEGRATION OF TSA ELEMENTS

WITH CIRCUITS

TSA single elements and arrays lend themselves very

well to integrating with different types of circuits. We have
already shown how they can easily be fed from a wave-
guide, by using a finline transition section. It is also
possible to directly let the tapered slot continue into a
slotline circuit. In this case, one must note that the require-
ments placed on the dielectric are different for the TSA

and the circuit portion of the substrate. The TSA prefers a
thin dielectric with moderately low dielectric constant,
while the slotline circuits are usually designed on sub-
strates of dielectric constant of at least 10, and with a
larger thickness. If implemented on a thin, low-dielectric-
constant substrate, the slotline circuit may radiate too
much, and show too large cross talk between different
lines. This problem may be solved by making a transition
to a transmission line such as coplanar waveguide, which
would radiate less. Excellent transitions of this type are

available, using MMIC technology [18], for example. An
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Fig. 8. Radiation patterns for an element in the array used for Fig. 7.
(a) E Plane. (b) H Plane. (c) Diagonal (45°) plane.

alternative is to make use of the techniques for (eliminating
the substrate effects on the radiation pattern which were
discussed in subsection II-D, in which case a smniconduc-
tor substrate of a convenient thickness may be employed.
A further alternative is to use different substrates for the
TSA and the circuit. In transmitting the signal between the
two substrates, it is then also possible to make use of the
coupling between the slotlines without necessarily having
to make a direct electrical connection. In all cases where
an open circuit configuration is used, one must be careful
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(a)

(b)

Fig. 9. Comparative size of arrays of (a) CWSA elements and (b)
conical horn elements. Element patterns illummate a reflector with
– 10 dB edge taper in both cases.

to design the circuit to minimize extraneous radiation, and
some extra shielding may be required. In the following two
sections, we will give some specific further examples of
circuits which have been implemented.

VI. APPLICATIONSOF SINGLEELEMENTS

A. Broad-Band Detectors/Receivers

Gibson [2], in his pioneering paper, described Vivaldi
single elements, with roughly constant – 3 dB beam width
of about 30–40° over a band of about two octaves. He was
also able to match the Vivaldi element to a microstrip line
over an even wider bandwidth: about 8–40 GHz.

B. Integrated SIS Mixer Receiver/C WSA

Two different S1S mixer receivers, integrated with CWSA
single elements, are under development [19], [20]. The
frequencies are 100 and 700 GHz, respectively. Both the
signal to be received and the LO power are fed to the
100 GHz module (Fig. 10) from a lens waveguide system at
the bottom of a liquid helium Dewar. The substrate used is
quartz, which has been ground to 90 pm thickness in order
to satisfy the maximum thickness criterion for the CWSA
(teff/AO = 0.028 according to (l)). A slot-to-microstrip
transition is employed, and the mixer circuit is etched on
the opposite side of the substrate. The series array of four
lead indium/oxide/lead S1S junctions is connected in
series with the microstrip at a point which is a virtual short
circuit to ground. The IF frequency of 4 GHz is tapped off
via a microstrip bandstop filter for the RF frequency. An
interesting feature of S1S mixers is that the embedding
impedance can be found by comparison of the measured
and simulated 1– V characteristics. An initial test gave a
DSB noise temperature of 250 K, but a considerable
improvement is expected after the IF matching has been
optimized. The radiation patterns of the CWSA were mea-
sured by using a diode instead of the S1S mixer; these are
shown in Fig. 11.

The 700 GHz receiver [20] uses a CWSA etched on a
silicon substrate (dielectric constant 11.6). Model experi-
ments showed that good radiation patterns would be ob-
tained if the silicon thickness could be etched to a thick-
ness of 3–4 pm. Efforts are under way to investigate
different processing procedures which will result in an
antenna element with good radiation patterns. In this
receiver, the Nb/Nb oxide/PbBi junctions are connected
across the slotline, and the IF output occurs via a slotline
filter. This integrated receiver/CWSA is expected to be
tested in the near future. Both S1S receivers are being
planned for eventual extension to focal plane arrays, to be
used in imaging systems for milllimeter-wave and submil-
limeter-wave radio astronomy.

C. Application of High-Gain Single-Element TSA’s

Single-element TSA’S could be employed when inexpen-
sive moderate-gain antennas ar$ required. As pointed out
above, antenna gains up to 17 dB may be achieved, and
low-cost receivers could be integrated with the TSA.

VII. APPLICATIONSQFARRAYS

A. Multibeam Systems for Imagi,~g

Arrays of feed elements placed in the focal plane of a
reflector or lens can be utilizled to sample the image
produced by the optical system in that plane. According to
the sampling theorem, the full information in a band-
limited signal can be recovered if the signal is sampled at a
rate which is twice the maximum frequency in the signal
being sampled. Translated into terms appropriate for the
imaging case, the frequencies in question are the spatial
frequencies (dimension l/length) into which the image
may be decomposed, and application of a two-dimensional
version of the sampling theorem shows that the feeds must
be placed with an interval of (assuming that we are sam-
pling incoherent radiation) [21]

T[=AO/2Xf-# (4)

where the f – # of the optical system is approximately
equivalent to the f/D for the paraboloid case. In different
terms, the sampling limit corresponds to a spacing between
neighboring beams of 0.42 3 dB beam widths. Unfortun-
ately, it can be shown that it is not possible to design an
imaging system with this resolution which also has an
aperture efficiency approaching that of typical single-beam
systems [17]. Constructing feed arrays of metal waveguide
horns, one finds that the feeds which yield high efficiency
are so large that the element spi~cing is about four times
the sampling-limited spacing, and the image will thus
necessarily be undersampled. TSA arrays with spacings of
1–2 ~0, m described above. can reach 40--60 percent
aperture efficiency in typical systems; and sample the focal
plane at about twice the sampling-limited spacing. This is
an improvement in resolution by a factor of two (or a
factor of four on an area basis), compared with typical
array elements. The aperture efficiency of TSA arrays
actually approaches the maximum aperture efficiency at
this element spacing for an ideal element, which is about
60 percent [17]. For twice this spacing the maximum
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Fig. 10, Schematic diagram of 100 GHz S1S mixer/CWSA receiver system. Detads are shown for the mixer “chip.”
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Fig. 11. Radiation patterns of the CWSA used for the receiver in

Fig. 10.

aperture efficiency is 80 percent. In order to determine the
relative overall advantage which will be realized when
using different types of arrays, a detailed analysis of all
these factors is required, taking into account the desired
requirements of the specific system. Also considering the
advantage of ease of construction, TSA arrays appear
attractive for millimeter-wave imaging systems applied in
radio astronomy, remote sensing, or surveillance.

Prototype systems have been built which have verified
the optical performance of reflector antennas with simple
focal plane TSA arrays. The first such system [22] utilized
a seven-element array with a hexagonal arrangement of the
elements in a Cassegrain telescope with a 30-cm-diameter
main reflector. The frequency was 94 GHz, and the TSAS
were fabricated on 25 pm Kapton substrates. Test signals
from a source in the far-field region were detected directly
by diodes soldered across the narrowest portion of the
tapered slot. A minimum beam spacing of 0.50 was mea-
sured, when the elements were 1.6 A~ apart. This repre-
sents a little less than twice the sampling limit spacing.
Fig. 12 shows this system. The Cassegrain telescope was
also used with a four-element array for demonstrating
tracking, by using the detected signals in an incoherent
monopulse mode. Extensions to coherent monopulse appli-

cations appear feasible. One should also note that the
sampling-limited spacing for coherent radiation is twice the
value given by (4). Thus, future coherent imaging systems
may reach the sampling-limited resolution.

In another application to imaging systems, a 5X 5 ele-
ment CWSA array was used at 31 GHz to demonstrate the
optical performance- in a prime-focus paraboloid with a
30 cm diameter [16]. Fig. 13 shows the beams recorded
from the five elements on one of the substrates of this
array. The system was also successfully used to resolve a
double point source (two conical horns), with an angular
separation given by the Rayleigh criterion used to charac-
terize optical instruments [23].

B. Multibeam Satellite Communication Systems

Multibeam satellite communication antennas also em-
ploy feed arrays. Integrated arrays would have a signifi-
cant weight advantage in such systems if they could be
designed with efficiencies similar to those of presently used
waveguide arrays. The considerations regarding aperture
efficiency versus element spacing which were reviewed in
subsection A would apply in this case as well. The parame-
ter most often discussed in this application is the crossover
level between neighboring beams. For example, TSA array
elements can be stacked so that the spacing corresponds to
one 3 dB beam width, yielding a crossover level of – 3 dB.
This crossover level is considerably higher than would be
obtained with conventional arrays, and would make it
worthwhile to consider TSA arrays for beam-shaping and
beam-switching applications.

C. Power Combining

Power combining of many sources offers a method of
making higher output powers available when the amount
of power from a single source is low, as is the case for most
solid-state sources. The high aperture efficiency of the
array proper (greater than 80 percent, see subsection III-A)
and the small element spacing make TSA arrays attractive
for this application. A linear four-element LTSA array has
been used for inter-injection-locked power combining by
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Fig. 12. Schematic diagram of 94 GHz Cassegrain seven-element imag-
ing system.

-10 0 10

Fig. 13. Radiation patterns for five elements in a 5 x 5CWSA imaging
array for 31 GHz. (Linear power scale.)

Morgan and Stephan [24]. In another typical configura-
tion, the power from a number of (MMIC type, for exam-
ple) power amplifier modules may be combined phase
coherently in a TSA array, and the array used to feed a
near-field Cassegrain antenna, as previously demonstrated
with cigar antenna elements [25]. The small spacing of the
TSA elements would translate into a higher packing den-
sity, and a bigher total power radiated in this case, since
the total array size would be limited by the size of the
subreflector. The small coupling between the circuit ports
of the TSA elements would also be an advantage.

D. Phased Arrays

Typical phased arrays are designed for wide-angle scan-
ning and require short elements with wide element pat-
terns. The “notch antenna” [26] is an element, similar to
the TSA, which is used for such arrays. The longer, nar-
rower beam elements which we review in this paper could
also be used in phased arrays when the requirements call
for scanning over smaller angles. We have measured the
radiation patterns in the E and the H plane of a linear
32-element array of LTSA elements, with a spacing of
about 0.66 A~, as shown in Fig. 14. A slotline feed network
was used. Grating lobes are decreased in amplitude due to
the narrow element pattern, as expected. Integrated TSA
phased arrays thus could be attractive as low-cost aherna-
tives to other presently used arrays.
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Radiation patterns at 35 GHz of a 32-element linear phased
array of LTSA elements. (a) E plane. (b) H plane.

VIII. CONCLIJSION

TSA’S have characteristics which are presently well un-
derstood in their main features, both as singlle elements
and as arrays. This paper has pointed to a number of
application areas and has given information with which
TSA’S can be evaluated for potential use in these areas.
Much still remains to be learnedl about TSA’S, however,
especially about the cross-polarized radiation and the com-
plicated mutual coupling effects which make TSA arrays
work efficiently.
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