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Preface

The Second International Symposium on Space Terahertz Technology was held at
the Jet Propulsion laboratory, California Institute of Technology, Pasadena,
California, on February 26-28, 1991. The Symposium, which was attended by
approximately 150 scientists and engineers from the U.S., Europe, and Japan,
featured papers relevant to the generation, detection, and use of the terahertz
spectral region for space astronomy and remote sensing of the Earth's upper
atmosphere. The program included ten sessions covering a wide variety of topics
including solid-state oscillators, power-combining techniques, mixers, harmonic
multipliers, antennas and antenna arrays, submillimeter receivers, and
measurement techniques.

The Symposium was sponsored by the University Space Engineering Research
Centers Program of NASA's Office of Aeronautics, Exploration, and Technology
(OAET), and by the Strategic Defense Initiative Organization, Innovative Science
and Technology Office (SDIO/IST). The Microwave Theory and Techniques Society
of IEEE served as a cooperative sponsor of the Symposium, as well as a medium for
publication of some of the papers that were presented at the Symposium in the form
of a mini-special issue (March 1992) of the IEEE-MTT Transactions.

The Third International Symposium on Space Terahertz Technology will be held at
the University of Michigan in Ann Arbor, Michigan, on March 24-26, 1992.

Fawwaz T. Ulaby
Carl A. Kukkonen
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Figure 5. EOS-A and EOS-B Platforms
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INTEGRATED TERAHERTZ CORNER-CUBE ANTENNAS
AND RECEIVERS

Steven S. Gearhart, Curtis C. Ling and Gabriel M. Rebeiz

NASA/Center for Space Terahertz Technology
Electrical Engineering and Computer Science Department
University of Michigan
Ann Arbor, MI 48109-2122

Gordon Chin and Hemant Davé

Planetary Systems Branch
NASA/Goddard Space Flight Center
Greenbelt, MD 20771

SUMMARY

This paper summarizes work completed and under progress on integrated corner-cube an-
tennas and receivers at the University of Michigan. An integrated corner-cube antenna has
been developed for use at millimeter-wave and terahertz frequencies. The antenna is high
gain and has low cross-polarization levels (<-17dB at 222GHz and <-15dB at 119xm) in the
principal planes. The monolithic approach allows the integration of a matching network and
a Schottky diode at the base of the antenna to yield a low-noise monolithic 600GHz receiver.

The standard corner-cube antenna, which consists of a traveling-wave antenna backed by a
90° corner reflector, has been a favorite antenna for submillimeter-wave receivers. The stan-
dard design is a 4)A-long traveling-wave antenna placed 1.2) from the apex of the machined
corner reflector. The antenna also acts as a whisker contact to a Schottky diode mounted at
its base.

The integrated corner-cube antenna consists of a traveling-wave antenna suspended on a 1um
dielectric membrane in a longitudinal pyramidal cavity (Fig. 1). The membrane electrical
thickness is 0.02) at 3THz, so the traveling-wave antenna effectively radiates in free space
at 119um. The cavity is etched in silicon wafers, and the reflector flare angle is fixed by
the orientation of the crystal planes at 70.6° [4]. The integrated antenna has a number of
advantages over the standard machined corner-cube antenna. The integrated antenna is fully
monolithic and easily reproducible for array applications. An RF matching network can be
included between the antenna and Schottky diode, thus increasing coupling efficiency and
reducing the receiver noise temperature. Also, the integrated antenna is fabricated using
standard photolithographic processes, so the antenna can be produced with great precision.
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A millimeter-wave linear corner-cube array was fabricated for use at 222GHz. The traveling-
wave antenna is 1560m long (1.15) at 222GHz) and is 60pm wide with a 20um bend portion.
These dimensions were optimized using microwave scale model measurements. A 6um-square
microbolometer was integrated at the bottom tip of the traveling-wave antenna. This is the
same position that one would integrate a matching network and a Schottky diode or SIS
detector in a receiver application. The far-field patterns were measured at from 180GHz to
270GHz using millimeter-wave doublers and triplers fed by appropriate Gunn sources. Over
the 180-270GHz bandwidth, the patterns are well-behaved with a narrow mainbeam and no
off-axis sidelobes. At 222GHz, an increase in the extention of the ground planes was shown
to narrow the quasi-H plane resulting in a rotationally symmetric mainbeam with a 10dB
beamwidth of approximately 40° (Fig. 2) and cross-polarization levels of less than -17dB
in the E and quasi-H planes. A co-polarized directivity of 19dB at 222GHz was calculated
from the full two-dimensional patterns [1,2].

A 16-element 119um array was built at the University of Michigan and tested at NASA
Goddard. The traveling-wave antenna is 137um long (1.15A at 119um), and is 8um wide
with a 5um bend portion. A 4pm-square microbolometer was integrated at the bottom
tip of the traveling-wave antenna. The far-field patterns of a single integrated corner-cube
antenna in a linear array were measured using a far-infrared laser tuned at 119um (Fig 2).
The mainbeam is circularly symmetric with a 10dB beamwidth of approximately 40°. The
higher sidelobes in the E-plane may be due to scattering from the test mount. This will be
examined in detail later. A directivity of 18+0.5dB was calculated from measured 119um
E- and quasi-H plane patterns, and the cross-polarization in the E- and quasi-H planes was
lower than the noise level of -15dB [3].

600GHz INTEGRATED CORNER-CUBE RECEIVER DESIGN

A 600GHz integrated corner-cube receiver is currently under development at the University
of Michigan (Fig. 3). A University of Virginia membrane-type diode with a 1um anode diam-
eter will be mounted in hybrid fashion to the silicon wafer containing the antenna, RF match-
ing network, and low-pass IF filter. The estimated diode parameters are R,=208,C;,=1{F,
Cp=2fF, n=1.2, and ¢,;=0.8V. These parameters yield a figure of merit cutoff frequency of
fr=1/(2xCrR,)=2.7THz. The RF and LO signals will be injected quasi-optically through
the antenna which is matched to the diode through a simple RF matching network. The
RF matching newtork is a single 0.38) length of 402 CPW transmission yielding an RF
imbedding impedance of 52+j29Q at the diode. Using the harmonic balance technique of
Held and Kerr [5] with the above diode and RF matching network, the RF diode impedance
is 51-j53Q, and the conversion loss is 7.6dB.
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Figure 1: A monolithic corner-reflector imaging array: (a) perspective view. (b) the coordi-

nate system used.
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Figure 2: Measured patterns with (L,d)=(1.151,0.92)): (a) 222GHz. (b) 119um.
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Figure 3: 600GHz integrated corner-cube recejver: (a) back of membrane wafer. (b) side

view.
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ABSTRACT

This paper reports on investigations of two antenna types which
are suitable for implementation at sub-millimetre wavelengths;
the diagonal horn and the sandwiched tapered slot antenna.

The diagonal horn is studied theoretically by expanding the
aperture electric fleld into Gauss-Hermite modes. A few of these
modes are then used to model the radiation pattern. The results
indicate that the fraction of the power radiated into the funda-
mental Gaussian mode is about 84 %. About 10 % of the power is
radiated in the cross-polarised component. Radiation patterns for
a 4 x 4 diagonal horn array, measured at 100 GHz, show good
agreement with the theoretical predictions.

The sandwiched tapered slot antenna consists of a slotline an-
tenna which is sandwiched between thick quartz super- and sub-
strates. An elliptical lens is used to collimate the beam. Model ex-
periments have been performed at 30 and 350 GHz. The radiation
patterns are worse at the higher frequency, probably due to
alignment problems.
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1. INTRODUCTION

Commonly used millimetre wave feed antennas, e.g. corrugated horns, be-
come very difficult to realize at sub-millimetre wavelengths. The corrugated
horns radiate an almost perfect Gaussian beam [1], but the tolerances needed are
at the limit of what can be achieved using normal fabrication methods. Some
feed types are easier to make, but, as always, there is no such thing as a free
lunch. Pyramidal and conical horns exhibit a lack of symmetry in the cardinal
planes of the radiation pattern which makes them unsuitable for launching
Gaussian beams. The pyramidal horn has the added inconvenience of astigma-
tism, ie. the phase centres for the E- and H-planes do not generally coincide (cf.
[2]). The need for an alternative to these horns at sub-millimetre wavelengths is
evident.

We have investigated the so-called diagonal horn (¢f. [2,3]), and it seems to be
an interesting candidate for sub-millimetre feeds. The diagonal horn antenna is
shown in the following sections to be quite an efficient Gaussian beam launcher.
One marked advantage with this horn type is the ease with which it can be ma-
chined. When using waveguide technology at millimetre and sub-millimetre
wavelengths it is quite common that the mixer is made in the so-called split-
block technique. The component is machined in two halves, and when joined
together the extra losses are relatively small. The diagonal horn lends itself to
this technique (see Figure 0).

Flgure 0. A diagonal horm made in the split-block technique.

The tapered slot antenna is an open structure antenna which radiates a beam
in the endfire direction (along the substrate). Classical tapered slot antennas re-

quire thin substrates (of the order of <= 10 um at 350 GHz).

One way to solve the substrate problem is to sandwich the antenna between a
thick substrate and superstrate, and then use an elliptical lens to decrease the
beamwidth. Results from model experiments at 30 and 350 GHz are presented
in the third section of this paper. The results show that it is difficult to achieve
good agreement between these two experiments, which is probably due to the
stringent tolerance requirements at the sub-millimetre frequency.
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2. THE DIAGONAL HORN

The diagonal horn has the following electrical field distribution in the aper-
ture [2, 3] (see Fig. 1 for reference):

Eg = E,|% cos +7 cos ZX| gjks |x|<a |y|<a
P 2a 2a 1)
‘5 = 2_7:{2‘,2_352_},2}
A 2L

This means that the field consists of two orthogonal TE) o modes, the power
evenly distributed between them. This set of modes must be excited somehow.,
Love [3] used a circular transition from TE;q, but the transition seems rather
uncritical, and a direct transition from the rectangular waveguide is good enough
for most purposes. The aperture equi-phase surface can be assumed o be a
sphere centred at the horn apex, and is here approximated by a paraboloid.
These assumptions are probably not too wrong, at least not for long horns.

n

\ — S
/

q,‘b

Fgure 1. The geometry of the diagonal horn.

The aperture fleld is seen to have the desired symmetry properties by intro-
ducing the following auxiliary coordinate system:

=Xy =X*y 2
éﬂ n )
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Combining Eqns. 1 and 2 yields the following:

~ b4 . :
Eq = NMEg = Y2 E,cos 5 \(’f’a cos Zga ek = %[cos%+cos%] efké ;
. p 3)
Ef = EEg = V2 E, sinzj/rz,a sini-:f_g—aef"‘s = %[cos%—cos%] ejkd

The co-polarised aperture field (n-directed) is thus symmetric with respect to

the £n coordinate system. The cross-polarised aperture field component (&-di-
rected) is anti-symmetric, and the feed thus has no boresight cross-polarisation
(note that we here use the so-called Ludwig's 1St definition [4] for the polarisa-
tion). The aperture fleld components are shown in Fig. 2.

Flgure 2. The magnitude of the co- (left) and cross-polarised
(right) electric field at the aperture of the horn.

The fraction of the power in the respective components can be found by
solving the integrals

P, = f f |EnP dxdy P, = i fa |Eef dxdy @)

-a -a -a -a

where the electric fleld components are given by Eqn. 3. The numerical results
are given by

P 1+&
o - __% - (9052847
. ®)
1-=
Pe  _ __ . 00947153

Po+Py, 2
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It is seen that the cross-polarised part is quite large (= 10 %), and this might be
excessive for some applications. However, in many cases, this cross-polarised
components could be dumped in a termination through the use of a polarising
grid. The loss one would encounter by dropping the cross-polarised part is then
= 0,43 dB.

2.1. GAUSSIAN MODE EXPANSION

A powerful technique to study the radiation pattern of an aperture antenna is
to expand the aperture field into Gauss-Hermite or Gauss-Laguerre functions (cf.
(1, 5., 6]).

The electric fleld for a well-collimated beam can be written as

E(x,y,2) = —“%A)-e-jk [2-2a] gi [@@-a] o 7% Z 2T )
wi(zZ

(6)
Y Y Kemeimmleo-ol B[ 2L A f_fz_}
w(z)] w(2)
m= -0 n=-—oco
where a modified Hermite function, defined by
A & 228 ) @
SR T R
is used to get a compact notation.
The beam parameters in Eqn. 6 are given by (cf. [6])
w(z) = woy1+[7; P
2
RG) = z[1+(%}F] 2 = 22 ®)
@(z) = arctan 4
Zc

where w denotes the beam waist radius, R the phase radius of curvature, z, the
confocal distance, and & the so-called phase slip. Returning to Eqn. 6, one ob-

serves that w and R are common to all modes, whereas the phase slip @ gets
progressively multiplied for higher order modes.

If one now has an aperture field E, where most of the phase variation can be
contained in a spherical phase factor, viz.

Eary) = EGoyza) = g(xy) e X Yhp, )

then Eqn. 6 collapses into a very convenient form.
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Using the orthogonality properties of Hermite polynomials [7], and some alge-
braic manipulations, the coefficients X,, are given by

Komn = ;WZ—%- f f g(x.y) ﬁ”{%ﬂ ﬁ{”—f{-] dxdy (10)

If now the g(x,y) function is real-valued, one avoids all numerical problems due to
rapid phase variations in the integrand.

The diagonal horn has no phase variation over the aperture except for the
spherical part. It thus lends itself to this Gauss-Hermite analysis. The g(x,y)
functions for the co- and cross-pol parts are given by Eqn. 3.

The mode power content is given by

Pmn = ﬂ-'W% |5CmJ2

P tot 2 oo
f f lg(x,y)? dxdy

-0

(11)

and the results for the diagonal horn are the following expressions

1 lu 2
ngl - &_Gz_ cosﬂcos&fi k—u]i{v -ZE-V] dudv Even m,n (123)
Piot T w? 2 2 wa wa

0 0

1 1lu 2
(+4 ~ ~

P7n _ 64 g% sinZ sinm-H,,,[Z‘l u] H,{Za v] dudv| Oddm,n (12b)
Pior r W% 2 2 he wa

0 0

The expressions in Eqns. 12a and 12b can be simplified for a few simple cases
by breaking down the double integrals into single integrals. The result for the
fundamental Gaussian is

1 1
Poo . l;_i.a& f coggle-["‘/m]zdt f e[’ dr (13)
0 0
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The choice of the ratio wy/a is in principle arbitrary, but Occam’s Razor# tells
us that the most natural choice is to maximise the fundamental mode coupling
(8], i.e.

) [ng}
20 =9 14
aﬂad- Pior (14)

The coupling has a maximum at wy/a = 0,.86. An optimisation program gave the
following results (correct to six decimal places):

Aw
[rc = Xl = 0863191

P&
Piot

(15)
= 0,843025

opt

The diagonal horn thus has quite a high fundamental Gaussian mode content.
The mode content for the higher order co-polar and cross-polar components is
shown in Table 1.

3655108 | 0,005405 | 0,0009189 | 5.110.10°°
m=2 “ & 0,01620 0,003339 6,859.10° | 0,0003185
m=4 u o % 1.562.10° | 0,001012 0,0009922
m=6 || a % * 0,001356 | 0,0005954
m=8 “ tr o tr % 7,36410°

0007725 Lo | |
m=3 I e 6,037.10° | 0,001545 0,001380 0,0006026
m=S5 l o & 0,002060 | 0,0008870 | 0,0001456
m=7 I & a & ~ 0,0001112 2.909+107
m=9 a o & av 0,0002786
Table I The power fraction for the mnth co- (top) and cross-pol
modes (bottom). The stars denote redundant informa-

tion.

¥ “Entia non sunt multiplicanda przeter necessitatem” — A philosophical principle
devised by William of Occam (c. 1290 - 1349)
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Now when we know the optimum waist radius, it is easy to find the equivalent
Gaussian beam parameters. If one assumes the following (see Figure 3 for refer-

ence)

wa = weyl +[Z‘/zc]2 = Kka
2
Ra = ZA[]. +[ZC/ZA]2] =L Zc = 7!‘;1:0
@4 = arctan 4 = arctan ZXG
[+4
then some algebraic manipulations will yield the results
Wo = Ka = Ka
/\/ 1 +{g K'zaZ]2 V1 + tan?®,
AL
74 = L = L
1+ AL 2 1+cottd,
n k2a?

(16)

17)

The phase slip @, is again seen to be an important parameter in this analysis.

< .

Flgure 3. The geometry of the equivalent Gaussian beam

R(z,) , w(z,)
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Table I showed that there are just a few terms that contain a significant part
of the power, namely the 00, 11, and 22 terms. It is hence possible to devise a
simple model for the radiation pattern of the diagonal horn. The far-field radia-
tion pattern is given by (except for an unimportant constant):

F.o(0,0) = €-2°*|K oo +% K22 e~4Pa [4pzcosz(p— 1] [4pzsin2(p—- 1} |2

Fe8,0) = e=20°|K 1, 4pZsing cosof’ (18)

W,

p= tan

The coefficients for the optimum waist size (Eqn. 15) are found by numerically
evaluating the integral in Eqn. 10, and the coefficients for the model in Eqn. 18
are

'

22 = - (,138628

19

XKoo
Xu - 0239816
X o0

Combining Eqns. 18 and 19 one can draw the conclusion that the far-field radia-
tion pattern is quite rotationally symmetric. The cross-pol level is approximately

225 -15,1dB (20)
| Kool

If the phase slip factor is zero, the radiation pattern will exhibit deep nulls,
whereas a non-zero value will ylield a more ‘smeared’ pattern.

It will be shown in the following section that this simplified model is quite
accurate.

2.2. MEASUREMENTS

In order to test the theoretical predictions, an array of diagonal horns was
manufactured and the radiation patterns were measured. The array is shown in
Figure 4. The respective horns are fed by standard waveguide (IEC R-900) and
the back side hole patterns match “standard” flanges. A waveguide detector is
bolted to the back side. The patterns were measured in an anechoic chamber
using a computerised antenna measurement system.
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Figure 4 The diagonal hom array.

The horns in the array had the following dimensions:

Q 2a
Q L

14,0 mm
55,0 mm

The horns were measured at 99 GHz (A4 = 3,03 mm) and the Gaussian parame-
ters are thus given by (see Eqns. 15, 16, and 17)

Q w, = 4,98 mm
Q 2z, = 17,7 mm
Q xa = 6,04 mm
Q o, = 34,54°

The E-, H-, and D-plane co-pol patterns, as well as the D-plane cross-pol
patterns were measured for four of the sixteen horns in the array (see Fig. 5 for
reference)

Figure 5. The enumeration of the array elements and the plane
definitions. The measured horns are shaded.
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Figure 6 shows that the measured radiation pattern is rotationally symmetric
down to about -17 dB. The D-plane pattern has a ‘shoulder’, but except for that
the pattern looks nice. The E- and H-plane sidelobes are probably hidden by
noise below the -30 dB region. The D-plane cross-pol component is shown in
Figure 7. The pattern is a little bit asymmetrical, end shows on-axis cross-polari-
sation. The reasons for these non-idealities are probably found in the difficulty to
accurately set up the antennas at 100 GHz. A small error in feed angle will ‘leak’
co-pol power into the cross-pol measurement. Any lack of polarisation purity of
the transmitting horn might influence the accuracy as well.

The horns do not seem to be especially influenced by being embedded in an
array. Figure 8 shows a comparison between four H-plane element patterns. The
uniformity is excellent, and one can thus safely use the horns in such an array,
without deteriorating the radiation patterns.

0
m
- -10
=]
)
o -20
Q.
-30 .

Figure 6. Measured radiation patterns for the H- (solid), E-
(dashed), and D-planes (dotted) of a diagonal horn in
the array (#33 in Fig. 5).
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Power [dB]

0 30 60

Figure 7. Measured radiation patterns for the D-plane co-pol
(solid) and cross-pol (dotted) components of a diagonal
hom in the array (#33 in Fig. 5).

Power [dB]

Figure 8. Comparison between measured H-plane radiation pat-
terns for four different diagonal horn array elements
(#11, #33, #43, and #44 tn Fig. 5).
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It is quite interesting to compare the measured patterns with the ones pre-
dicted by the theoretical model, introduced in Eqn. 18. Figures 9 through 11
show this comparison. The H-plane pattern shows excellent agreement, whereas
the theoretical model fails to show the characteristic shoulders in the D-plane
(Fig. 10). The cross-pol level (Fig. 11) is predicted to within 1 dB, and the pat-
tern form is qualitatively correct. The simplistic model can hence yield quite a
good agreement with measurements.

-10

-20

Power [dB]

-
el i3 3_”-»-«.-'--."

Figure 9. Comparison between measured (dotted) and theoreti-
cal (solid) H-plane radiation patterns.

-10

-20

Power [dB]

60

Figure 10. Comparison between measured (dotted) and theoreti-
cal (solid) co-pol D-plane radiation patterns.
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0
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3
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-60 60

Figure 11. Comparison between measured (dotted) and theoreti-
cal (solid) cross-pol D-plane radiation patterns.

3. SANDWICHED TAPERED SLOT ANTENNAS

Various forms of slotline components are attractive, topologically and electri-
cally, for integration with e.g. sub-millimetre wave SIS mixers. The thickness of
the slotline substrate should be small, so that no surface waves are excited. For a
slotline antenna the requirement is even more stringent, and the thickness

should, as a rule of thumb, be less than ~ 0.03 A/ ('\/e—,.- 1) (¢f. [9]). Hence, the
required thickness of a quartz substrate at 350 GHz is of the order of < 20 um.
Such thin substrates are difficult to handle as well as to fabricate. In order to
avoid these problems, we developed a sandwiched slotline antenna, ie. a slotline
antenna sandwiched between two thick dielectric sub-/superstrates. The sur-
rounding of the antenna will then have the same dielectric constant, which is
equivalent to a free antenna without any supporting substrate, see Figure 12. It

should be noted that sandwich type antennas have also been developed else-
where (see e.g. [10, 11]).
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Elliptical lens
(LDPE)

Contact

. —  Slot-line Antenna

Figure 12. “Artist’s view” of the sandwiched slotline antenna,
including a beamshaping lens. (side view)

Several 30 GHz scale models were built to evaluate the sandwich concept, see
Figure 13. The best antenna found was a slotline antenna of the BLTSA (Broken
Linearly Tapered Slotline Antenna) type [12], with an elliptical lens made of low
density polyethylene (g.= 2,3), mounted in front of the sandwich. The sidelobe
level is typically below -20 dB, and the cross-polarisation in the D-plane is less
than -10 dB. Representative E-, H-, and D-plane patterns of this scale model
antenna are shown in Figure 14. This scale model antenna was chosen to empir-
ically find suitable dimensions for the sandwiched BLTSA antennas for integra-
tion with SIS mixers at 350 GHz.

Fin-
line

Slot-line
antenna

50 mm

Dielectric, £, =4
(Quartz or Stycast™)

i

50 mm

52 pm

45 mm Metallized
Kapton foil

Figure 13. Dimensions of the 30 GHz scale model. Lens not
shown.
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Flgure 14. Antenna diagrams measured at 30 GHz (scale model).
The panels show the radiation patterns in the E- (top),
H- (middle), and D-plane (bottom), respectively. The D-
plane plot shows both co- (solid line) and cross-pol
(dashed line) data.
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In order to test the antenna properties at 350 GHz, a slotline antenna and a
bismuth bolometer detector (see Figure 15) were integrated on a 0,5 mm thick
crystalline quartz substrate and sandwiched between two ~2 mm thick pieces of
crystalline quartz.

Bi bolometer

BLTSA antenna Contact pads
e e P .{

Figure 15. Schematic of a slotline antenna for 350 GHz with an
integrated bismuth bolometer. The resistance of the
bolometer should match the impedance of the slot-
line, ~ 50 Q.

The fabrication of the antenna and the bolometer is straightforward; The an-
tenna (Cr/Au) and the bismuth bolometer are both manufactured by lift-off. The
lift-off process gives a smooth gold edge, which is essential for good electrical
contact between the bolometer and the antenna. To obtain a uniform bismuth
layer the substrate is cooled to approximately —-60 °C during the evaporation. The
resistance of the bolometer is continuously monitored during evaporation. The
evaporation of bismuth is stopped when the bolometer has reached the desired
resistance to match the impedance of the antenna.

The measured E- and H- plane antenna patterns for the sandwich slotline an-
tenna at 350 GHz are shown in Figure 16.
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Figure 16a. = Measured E- plane antenna pattern for a sandwiched
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Figure 16b. Measured H- plane antenna pattern for a sandwiched
BLTSA antenna at 350 GHz.

At 350 GHz, the sidelobe level in the E-plane is almost 10 dB higher com-
pared to the 30 GHz scale model measurements. In the H-plane the pattern
shows more asymmetries, in addition to a 5 dB increase in sidelobe level.

The deteriorated quality of the antenna patterns recorded at 350 GHz, par-
ticularly in the H-plane, is most probably due to alignment problems. For in-
stance, the lens has to be accurately aligned (within 50 um), and it is essential
to avoid any air gaps between the quartz pieces.

4. CONCLUSIONS

The diagonal horn antenna has been theoretically investigated. The model
using the Gauss-Hermite expansion yields an agreement with measured data
which ranges from good to excellent. The horn has a high fundamental Gaussian
mode content (= 84 %). The design lends itself to conventional millimetre and
sub-millimetre construction methods, such as the split-block technique. The
small interactions that were seen in the array measurements indicate that the
diagonal horn antenna is a strong candidate for focal plane imaging arrays.

The sandwiched tapered slot antenna is a planar feed which can be easily in-
tegrated with e.g. SIS mixers. The model experiments made at 30 GHz show
discrepancies with 350 GHz measurements. The stringent tolerance require-
ments at sub-millimetre frequencies could at least partly explain these discrep-
ancies.
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SUMMARY

We are developing integrated and receivers antennas for terahertz applications. As the
remote-sensing/radio-astronomical frequencies are pushed higher into the millimeter and
submillimeter- wave regions, integrated antennas and receivers become competitive with
standard waveguide receivers. The integrated receivers consist of an antenna integrated
directly with a matching network/mixer. Integrated antennas and receivers are easier
to manufacture, more reliable and much less expensive than waveguide receivers. The
integration also allows the use of linear or two-dimensional arrays without a dramatic
increase in cost.

The heart of an integrated receiver is the planar antenna and the antenna/mixer match-
ing network. We have concentrated our efforts into the development and optimization of
the high-efficiency integrated horn antenna (Fig. 1). The antenna consists of a dipole sus-
pended in a pyramidal cavity etched in Silicon.The horn antennas are typically between 1A
and 1.5\A-square, and show excellent patterns at 93 GHz with a directivity around 10-12 dB.
In the past year, we have achieved significant advance in the analysis and optimization of
integrated horn antennas and the projects are summarized below:

1- Full-Wave Analysis of Dipole-Fed Horn Antennas. A rigorous procedure for
evaluating the Green'’s function and input impedance of a dipole-fed horn antenna has been
recently developed at the University of Michigan. The geometry of the horn structure is
approximated by a cascade of rectangular waveguide sections, and the boundary conditions
are matched at each of the waveguide sections and at the aperture of the horn. For the
case of a single horn surrounded by an infinite metallic wall, the fields in space are given
by a continuous spectrum of plane waves. The input impedance is calculated by solving
the Pocklington’s integral equation using the method of moments on the source interface.

The patterns for a 1.35A-square horn in a ground-plane, and in a two-dimensional array
are shown in Figure 2. The theoretical patterns agree very well with measured patterns at
92 GHz, and on microwave scale models at 3 GHz. The H-planes are smooth and similar
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in both cases, due to the TE;q tapering of the electric field across the aperture. The E-
plane patterns are much more interesting. The dipole couples to the TM;; and the TE;;
waveguide modes, and their effect is to increase the vertical component at the center and
to reduce it at the E-plane edges. The resultant pattern shows a near H- plane behavior
near broadside, and levels off at -11dB for larger angles. In the case of the E-plane in a
two-dimensional array, the horn sees the array and the spikes and nulls in the patterns
are due to specific Floquet- modes. Impedance measurements were done on a microwave
scale model at 1-2 GHz for a 1.35) dipole-fed horn. The input impedance and resonant
length are a strong function of the dipole position inside the cavity (Fig. 3), and vary from
4082 to 17082 and 0.37) to 0.45), respectively. The dipole impedance for a feed position of
0.39) is quite suitable for Schottky-diode receivers (Fig. 4). The horn has about 8% and
20% bandwidth for feed positions of 0.39A and 0.6\ respectively. These bandwidths are
adequate for most millimeter-wave applications.

2- Double-Polarized Antennas. A two-dimensional dual-polarized monolithic horn-
antenna array has been designed for 92 GHz (Fig. 5). The antenna consists of two
perpendicular dipoles suspended on the same membrane inside the horn cavity. The dipoles
couple to an orthogonal set of waveguide modes, and therefore are effectively isolated from
each other. The measured mutual coupling between the antennas on a microwave scale
model was less than -30 dB. A design with an aperture of 1.35A-square, and a feed position
of 0.39A was fabricated. The antennas are linearly polarized and a polarization isolation
better than -23 dB was measured at 92 GHz (Fig. 6). The measured E & H-plane patterns
agree well with theory and are virtually identical for both polarizations. Detailed analysis
and experimental results are presented in the references.

3- 802 GHz Imaging Array. A 256-element imaging array has been fabricated and
tested at 802 GHz (Fig. 7). The patterns agree very well with theory (Fig. 8), and the
associated directivity for a 1.4\ horn aperture calculated from the measured E and H-
plane patterns is 12.3 £ 0.2dB. The patterns show a main-beam efficiency of 88% in a
100°- beamwidth and are suitable for /0.9 reflector systems. We would like to note that
this result presents one of the best patterns measured on a planar antenna at frequencies
higher than 500 GHz.

4- Step-Profiled Diagonal Horn Antennas. The main limitations of integrated horn
antenna stem from their large flare angle of 70.6° which does not allow us to fabricate
apertures greater than 1.5\ before the phase-errors becomes too large. This results in
gains around 13 dB and 10-dB beamwidth of 90 — 95°. We have investigated a new step-
profiled horn which reduces the effective flare-angle of the horn to 30 —40° and allows us to
achieve gains between 17 and 20 dB (Fig. 9). The circular symmetry is also enhanced by
positioning the exciting dipole along the diagonal of the horn. A specific step-profiled horn
has been designed for millimeter-wave applications. The horn geometry has an effective
flare-angle of 30° and an aperture size of 2.92\. It is synthesized using 12 wafers each
of thickness of 0.4X. The step-size for each wafer discontinuity is 0.17A. The calculated
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E and H-plane patterns show a 10-dB beamwidth of 40° and a side-lobe level of -17 dB,
with a directivity of 17.5 dB (Fig. 10). The 45° plane is effectively wider than either the
E and H-planes, but matches them quite well up to the -10 dB points (Fig. 11). The
step-profiled horn was also compared to a horn with a cavity defined by its smooth outer
envelope and has the same aperture size. It is seen that the patterns match well up to
-17 dB but then the step-profiled horn widens and develops a side-lobe (Fig. 12). Similar
effects have been observed at the 45° planes. The measured patterns on a 12 GHz model of
the smooth dipole-fed horn agree very well with theory. The calculated coupling efficiency
of the step-profiled horn to a gaussian beam is around 75% and is approximately the same
as a waveguide-fed pyramidal horn antenna.

We are now designing a hybrid Potter horn with a dipole-fed integrated horn cavity and a
long machined phasing section. Preliminary results show a 20 dB gain hybrid-horn with
a gaussian-beam coupling efficiency of 94%. Additional results and measurements will be
presented in the coming CSTT symposium.

For additional information, the reader is referred to the following articles:

[1] G.M. Rebeiz, D P. Kasilingam, P.A. Stimson, Y. Guo and D.B. Rutledge, “Monolithic
millimeter-wave two-dimensional horn imaging arrays,” IEEE Trans. Antennas Propag.,
vol. AP-28, Sept 1990.

[2] Y. Guo, K. Lee, P.A. Stimson, K. Potter and D.B. Rutledge, “Aperture Efficiency of
Integrated-Circuit Horn antennas,” JEEE AP-S Intl. Symp., Dallas, Texas, May 7- 11,
1990.

[3] W.Y. Ali-Ahmad and G.M.Rebeiz, “92 GHz dual-polarized integrated horn antennas,”
To appear in the June 1991 Issue of the IJEEE Trans. Antennas Propag..

[4] W.Y. Ali-Ahmad and G.M. Rebeiz, H. Davee and G. Chin, “802 GHz integrated horn
antennas imaging array,” To appear in the May 1991 Issue of the Intl. Journal Infrared
and Millimeter Waves.

[5] G.V. Eleftheriades, L.P. Katehi and G.M. Rebeiz, “ High-gain step-profiled integrated
horn antennas,” To be presented at the JEEE AP-S Symp., Ontario, Canada, June 24-27,
1991.
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Figure 1: An integrated horn antenna with single polarization.
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Figure 2: The E- and H-plane patterns of a 1.35A horn antenna in a ground-plane and in a
two-dimensional array. The theoretical agree very well with experiments at 3 GHz and 92 GHz.
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Figure 7: A 256-element two-dimensional horn imaging array at 802 GHz. The period of the array
is 525um and the horn aperture is 1.40A.
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Figure 9: The step-profiled horn geometry (see text).
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Figure 10: The calculated E and H-plane patterns for a step-profiled horn with an effective flare-
angle of 30° and an aperture size of 2.92\. The feeding dipole is positioned along the diagonal of
the horn antenna.
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Figure 11: The calculated 45°-plane pattern for a step-profiled horn of figure 10.
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Imaging Arrays for the Millimeter-
and Submillimeter-Wave Region

K. Uehara, K. Miyashita, K. Natsume, K. Hatakeyama, and K. Mizuno

Research Institute of Electrical Communication, Tohoku University
2-1-1 Katahira, Aoba-ku, Sendai, 980 Japan

Abstract—We have been developing sev-
eral kinds of lens-coupled antenna imag-
ing arrays for operation at millimeter- and
submillimeter-wave frequencies. The compar-
ison of dipoles, Yagi-Uda’s, trap-loaded anten-
nas, and microstrip patches will be discussed
from the viewpoint of the matching with de-
tectors and optics. The radiation patterns and
input impedance of each antenna have been
calculated and measured at the model exper-
iment. The arrays have been successfully ap-
plied to plasma diagnostics at the Tsukuba
GAMMA 10 plasma machine.

[. INTRODUCTION

Millimeter and submillimeter wavelength imaging
has recently become increasingly important in plasma
diagnostics, remote sensing, and environmental mea-
surements. Accordingly the high-performance multi-
element quasi-optical imaging systems have been de-
veloping. Those systems require sensitive antennas
and detectors, and high resolution optical systems.
Planar antenna arrays with integrated detectors have
led to improved sensitivity and scanning speed. We
have been currently investigating several kinds of
printed antennas [1,2,3], which are integrated with
detectors and are combined with a low-loss dielectric
substrate lens (4], which structure can eliminate RF
feed cable-losses or substrate modes and can also offer
mechanical stability and facility for cooling. On the
other hand, those antennas require careful matching
to the detectors and optics. In this paper, we will
discuss the comparison of the lens-coupled printed
antennas: dipoles, Yagi-Uda’s, trap-loaded antennas
and microstrip patches, all of which are integrated
with beam-lead schottky diodes. Also the measure-
ment of plasma density profile with an imaging array
at the Tsukuba GAMMA 10 plasma machine will be
shown as a practical application.

/ IF lead

[ncident radiation

_//“/"‘{%7/ Detector

——— Radiator
|~ Director

Substrate

Hemispherical lens

Fig. 1. Yagi-Uda antenna imaging array.

II. YAGI-UAD ANTENNA IMAGING ARRAYS

The fundamental array consists of half-wave
dipoles integrated with diodes on a dielectric-air in-
terface [1]. The input impedance of the dipole is gen-
erally much larger than that of diodes or SIS junc-
tions, which causes large mismatch loss, because of
difficulty to fabricate small-size matching circuits on
the each array element. In addition, the dipole ra-
diation pattern shows big sidelobes and large cen-
tral dip in the H-plane (Fig. 2 (a)). To improve
these disadvantages, we have proposed and fabri-
cated Yagi-Uda antenna configuration [3] shown in
Fig. 1. The radiator elements are photolithograph-
ically fabricated half-wave dipoles on a substrate of
glass/PTFE (¢,=2.17), and the SBD’s are integrated
at the feed point of each radiator. The director ele-
ments are on the other side of the substrate to which
a hyperhemispherical lens of 60mm diameter made
of TPX (e,=2.13) is attached. The spacing between
the radiator and the director can be controlled by
choosing the substrate with proper thickness. For
optimization of the antenna, the element dimensions
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are determined by two conditions: one is impedance
matching with the detectors, and the other is beam
pattern matching with the optics. The radiation pat-
tern can be adjusted by changing the director length
and the element spacing.

—
-
/ e L
l‘/ / ’ /{/
[
E-plane H-plane
(a) Dipole

H-plane
(b) Yagi-Uda

E-plane

Fig. 2. The calculated and measured radiation
patterns of an antenna on a dielectric hemisphere
(€-=2.13) of 100mm diameter. (a) Dipole, (b) Yagi-
Uda (2¢,=0.5\,, 2{,=0.462)\4, d=0.093)\4). The
scale is linear in power; —theory, - - -experiment at
50GHz.

Fig. 2 shows optimized Yagi-Uda patterns, compar-
ing with the dipole’s. The radiator length 2¢, is 0.5\,
the director length 2¢, is 0.462A4, and the spacing d
is 0.093)4. A, and Aq4 are the effective wavelength at
the air-dielectric interface and the wavelength in the
dielectric, respectively, being defined by

Ao

—— 1
V(1+¢€)/2), M

Ae
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Ao
Ve -
The improved pattern is almost symmetrical and the

directivity G4 becomes 5.5dB. The directivity is de-
fined by

Ad = (2

_ DO
*T & 1D@.9)d

(3

where D(6,¢) is the directivity function. Because
the diameter of the hyperhemispherical lens is elec-
trically enough large and the surface-wave mode can
be neglected, we have applied the moment method tc
the dielectric half spaces to calculate current distribu-
tions on the radiator and the director. The theoreti-
cal patterns have been calculated from these current
distributions. The experimental patterns were mea-
sured in a shield room at 50GHz band with a TPX
hemispherical lens of 100mm diameter, being fed by
the horn located at the focal point of the lens. The
results agree well with the theory although many rip-
ples are obtained in the H-planes. These ripples will
be due to the effects of the radiation from the orthog-
onal low-frequency leads.

Also the input impedance can be tuned over a
broad range by adjusting the element dimensions
(Fig. 3). This method allows improved matching to
low impedance detectors.

Director
length( im\d)

Element spacing

o d=0.093,
o 0.124a,
A

0.191a,

Fig. 3. The calculated input impedance of a Yagi-
Uda antenna on a dielectric hemisphere (e,=2.13).
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Consequently good matching conditions are available
without complex matching circuits. As detectors,
we are using the beam-lead Schottky diode (Sanyo
Electric Co. Ltd. , SBL-221) with typical R, of 5%,
C;(0) of 0.02pF and C, of 0.05pF, whose cutoff fre-
quency runs into 400GHz. With an RF equivalent
circuit, we have calculated the 50GHz small signal
impedance of 3-j30Q2 at the condition of 50uA bias
current. The SBD’s are useful for imaging applica-
tions because they can be applicable for both video
detectors and heterodyne mixers at room tempera-
ture. Fig. 4 shows calculated directivity and mis-
match loss versus the director length. Considering
both the impedance mismatch and directivity, we can
estimate total efficiency of the individual receptor.
Fig. 5 shows calculated and measured total sensitiv-
ity of the receptor. For the optimized Yagi-Uda, the
receiving power from a incident plane wave is theoret-
ically 8dB improved in comparison with the dipole,
and experimentally the 6dB increased power has been
measured . In the collinear Yagi-Uda array, crosstalk
levels of less than 30dB down between adjacent an-
tennas have been measured when the element interval
is 0.7)4 in 5GHz model experiments.
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1 - 2 A i " 1 L el 1

0.4 0.5
Director length, 21, (in Ag)

I B S AR S aT T |

Fig. 4. The calculated directivity and mismatch loss
of a Yagi-Uda antenna (2¢,=0.5)\., d=0.093)4) ver-
sus director length 2¢2. The diode impedance is 3-
j30Q.
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Fig. 5. Total sensitivity of a Yagi-Uda receptor versus
director length 2¢;. The 0dB line shows the sensitiv-
ity of the dipole; —theory, e experiment at 53GHz.
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Fig. 6. The configuration of a trap-loaded dipole
imaging array.
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III. TRAP-LOADED ANTENNA IMAGIGN ARRAYS

The dipole configuration shown in Fig. 1 offers
some difficulties to fabricate parallel array because of
the obstruction of the bias and low-frequency leads.
In order to avoid any complex circuit designs which
may degrade radiation patterns or crosstalks, we have
designed trap-loaded antenna configuration (5] shown
in Fig. 6. In this structure, the leads are taken from
the edges of the dipole through high impedance traps.
Each trap consists of a quarter-wavelength long short-
stub which offers high Q-value.

Fig. 7 shows measured radiation patterns for the
trap-loaded dipole (a) and the Yagi-Uda configura-
tion (b) with 2¢; of 0.418A4 and d of 0.124);. Fig.
7 (a) also shows dipole patterns calculated by as-
suming sinusoidal standing waves which have large
amplitude on the dipole, and small one on the 3A,
long outer sections. Undesirable radiations from the
waves on the outer sections degrade radiation pat-
terns and cause larger sidelobes in the E-plane. The
directivity of 3.7dB for the dipole and 5.9dB for the
optimized Yagi-Uda have been measured at 50GHz
experiment. The cross polarization level of the trap-
loaded dipole have been measured less than 20dB
down at ¢=45°, which indicates the troublesome radi-
ation from the traps can be neglected. The antenna
input impedances become higher than those in the
previous structure due to effects of the outer sections.
The impedance of the dipole with 2, long traps have
been measured about 200Q in the 5GHz model ex-
periment. Hence these antennas may be useful for
heterodyne detection because the RF impedance of
the pumped diode is much larger than the small sig-
nal impedance. The total receptor 3dB bandwidth
of 10% for the dipole and 8% for the Yagi-Uda have
been measured at 50GHz band. The results show
narrower bandwidths than the previous structure be-
cause of the additional of the high Q-value traps.

IV. MONOLITHIC PATCH ANTENNA IMAGING ARRAYS

Although the Yagi-Uda configurations have offered
good performance and simple structure to fabricate,
lack of efficient space is one of the disadvantage
for constructing additional integrated circuits. This
disturbs particularly fabricating two-dimensional ar-
ray. Then we have proposed the lens-coupled patch
antenna imaging array configuration which is very
suitable for fabricating two-dimensional arrays using
MMIC technique (Fig. 8).
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Fig. 7. The calculated and measured radiation pat-
terns of a trap-loaded antenna on a dielectric hemi-
sphere (€,=2.13) of 100mm diameter. (a) Dipole,
(b) Ya.gi-Uda. (2£1=0.5/\e, 2[2:0.418/\4, d=0.124/\d).
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at 50GHz.
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Fig. 8. The configuration of a two-dimensional mi-
crostrip patch antenna imaging array.

This array consists of two individual microstrip
substrates separated by a common metal ground
plane. The antennas are printed on the first sub-
strate (€,2) covered with the low-loss dielectric lens
(€r1). Each antenna is fed with a via-hole or cou-
pling slot from the MMIC constructed on the second
substrate (¢,s). This second substrate offers the ef-
ficient space for fabricating additional integrated cir-
cuits: such as matching circuits, mixers, amplifiers,
and leads. The antennas are ideally isolated from
these circuits by the ground plane. Both the patch
length @ and patch width 4 are 0.5\4, and the feed
point (z1,y1) is (0.25a,0.5b).

Fig. 9 (a) shows calculated radiation patterns of
the individual antenna versus ¢, which is defined by
the ratio of the effective dielectric constant of the first
substrate to the dielectric constant of the lens,

Page 95

6 = 22 (4)
€py .
If ¢,y equals €,2 then the ratio ¢, becomes one, and
then an ideal radiation pattern can be realized. This
pattern is almost symmetrical and has neither any
sidelobes nor troublesome radiations at the horizon-
tal directions, which may offer low crosstalk and high
beam coupling efficiencies to the incident beam. We
have measured the radiation patterns at 50GHz band
(Fig. 9 (b)). The results agree well with the theory:
the calculated directivity is 9.8dB and the 3dB beam
widths are 60° in the E-plane and 71° in the H-plane.

.
)
=1 |i !
{ )
\ /
0345 =60° \ f345=T71°
E-plane H-plane

(b)

Fig. 9. The calculated and measured radiation pat-
terns of a microstrip patch antenna on a dielectric
hemisphere (€,1=2.13) of 100mm diameter. (a) The-
ory for various €., where ¢, is the ratio of the effective
dielectric constant of the substrate (¢,2.g) to the lens
(er1). (b) e-=1; —theory, - - -experiment at 50GHz.
The scale is linear in power.

The antenna input impedance of 85+j25Q has been
calculated with a magnetic-wall model. The crosstalk
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level of less than 20dB down in both E and H-plane
when the element spacing is 0.7A; has been mea-
sured at the 6GHz model experiment. Fig. 10 shows
the configuration of 3x3 element integrated patch ar-
ray. The squares of dot-line show the patch antennas
arrayed by the spacing of 0.7A4. Matching circuits
and low-pass filters are successfully constructed in
each resolution unit. Since we can construct match-
ing circuits in the second microstrip substrate, the
mismatch loss between the antenna and a detector
can be eliminated. Consequently this configuration
is suitable for various kinds of detectors. The total
3dB bandwidth of 6% have been measured at 50GHz
band experiment.

T
T

l<—IF and

: +  bias lead
Matching circuit
Feed point Diode Patch antenna

Fig. 10. The configuration of 3x3 monolithic mi-
crostrip patch antenna imaging array (bottom view).

V. APPLICATIONS

As a practical application, we have applied the 10
element trap-loaded parallel Yagi-Uda array to the
Tsukuba GAMMA 10 plasma machine in order to
measure the plasma density profile [5], for which we
have constructed a 70GHz heterodyne phase imaging
system. The IF frequency is 2MHz, the diode bias
current is 400uA, and the substrate lens is made of
fused quartz (¢.=4) with a magnification of 4.0, and
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other lenses are made with low-density polyethylene
(e,=2.28), giving a total magnification of 4.3. The
system f-number of 1.0 determines the diffraction-
limited sampling interval of 2.14mm (1.0A4) and cut-
off frequency of 233m™!, corresponding to a plasma
dimension of 37mm. Fig. 11 shows the time evolu-
tions of the line-density (a) and line-density profile
(b) at the plug cell. The initial plasma produced by
a plasma gun cannot be measured since the density
is above the cut-off. The results are very close to
those obtained by a millimeter-wave interferometer
with scanning horn antennas, which is used for the
cross-calibration.

x10'%em-2)
4

(2)

2

Fig. 11. The measurement of the time evolutions of
the line-density (a) and line-density profile (b) at the
plug cell in the Tsukuba GAMMA 10 plasma with
a 10 element trap-loaded Yagi-Uda antenna imaging
array at 70GHz. The time sequence is as follows:
following the gun-produced plasma injection (PG),
the plasma is heated with ion cyclotron range of fre-
quency (ICRF) powers and electron cyclotron heating
(ECH) powers.

VI. CONCLUSION

We have designed and investigated several kinds of
lens-coupled antennas for operation at millimeter and
submillimeter wavelength. The Yagi-Uda antennas
have been successfully improved radiation patterns as
well as impedance mismatch loss for small impedance
detectors. Trap-loaded antennas have been designed
in parallel arrays and successfully applied for plasma
diagnostics. The lens-coupled patch antennas have
been shown ideal radiation patterns and the stacked
microstrip configuration has made possible to fabri-
cate multi function arrays monolithically.
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