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Millimeter-Wave Integrated-Circuit

Horn-Antenna Imaging Arrays

Abstract

A new millimeter-wave, integrated-circuit, back-to-back, horn-antenna-
mixer array is presented. The configuration of the array is one called “dis-
placed back-to-back horn-antenna array,” which consists of a set of forward- and
backward-looking horns made with a set of silicon wafers. The front side is used
to receive the incoming signal, and the back side is used to feed the local oscilla-
tor. IF is led out from the side of the array. Pyramidal-shaped horns in silicon
bounded by (111) crystal planes were formed by anisotropic etching of the silicon
wafers. The power received by the horns is picked up by antenna probes sus-
pended on thin silicon-oxynitride membranes inside the horns. The array is fully
two-dimensional, and the horns are made simultaneously by integratéd—circuit
processing techniques. Aperture efliciency of the horn-antenna array has been
improved up to 72 %, and system coupling efficiency is 36 %. In the efficiency
measurements, a new thin-film, power-density meter is developed for measur-
ing the absolute power densities. The main applications of the array include

imaging, remote sensing and plasma diagnostics.
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Chapter 1

Introduction

Millimeterwaves, as the name implies, are the waves whose wavelengths
range in millimeters. Traditionally, they are the electromagnetic waves of the
wavelengths from 1 mm to 10 mm, corresponding to frequencies from 300 GHz to
30 GHz [1]. For comparison, microwaves are from 1 GHz to 30 GHz. The history
of millimeterwaves and microwaves are embodied in the evolution of electro-
magnetic waves. James Clerk Maxwell (1831-1879), regarded as the founder of
electromagnetics theory in its present form, unified, in four equations, all previ-
ous known results, experimental and theoretical, on electromagnetics. He also
predicted the existence of electromagnetic waves. Heinrich Rudolf Hertz (1857~
1894) experimentally confirmed Maxwell’s prediction in 1888{2]. In his exper-
iment, Hertz produced the radiation with a spark-gap generator and recorded
wavelengths in the centimeter range. Soon after, the first reported activity in
millimeter-wave technology began in the 1890’s[3]. In those experiments, meth-
ods similar to Hertz’s were used and wavelengths detected were estimated to
be 6 and 4mm. Much later, researchers developed various components, devices
and sources, including the klystron and the cavity magnetron. Early applica-
tions of these sources in radars occurred at microwave frequencies rather than
at millimeter-wave frequencies, and progress in millimeterwaves was very slow.

In the 1940s, high-accuracy radar requirements raised radar researchers’ inter-
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est in millimeterwaves. As a result, millimeter-wave advances were mainly from
extensions of microwave technology, largely based on the availability of coherent
oscillators. The current interest in millimeterwaves arises from the realization
that there are limitations to what can be accomplished with infrared and optical
systems, in particular their disadvantages in fog, smoke and dust. Furthermore,
in communications, the widespread use of microwaves has forced microwave en-

gineers to look for even higher frequencies, i.e. millimeterwaves.

Recent research interests in millimeterwaves are more focused on new tech-
nologies of power sources, sensitive detectors and systems. Significant advances
have been made continuously in the area of millimeter-wave, integrated cir-
cuits. In addition, the design and fabrication of monolithic integrated circuits
on semiconductors substrates, e.g., silicon, gallium arsenide and indium phos-
phide, are well advanced [4-7]. These include amplifiers [8-10], frequency multi-
pliers [11-13], oscillators [14-16], power combiners[17-19] and antennas [20-23].
Computers also play an important role in the circuit design and modeling, as
well as in the development of new theories and techniques. Using a computer-
controlled network analyzer working at the frequencies up to 110 GHz, mea-
surements can be carried out automatically with great precision. In astronomy,
millimeter-wave, superconducter-insulator-superconducter (SIS) junction detec-
tors have been widely used [24-26]. Application of high-temperature supercon-
ductors in millimeterwaves was attempted as soon as the new material was in-
vented [27]. The hybrid techniques, on the other hand, have been refined to the

point where they compete with monolithic circuits in terms of performance.

Millimeter-wave systems have shorter wavelengths and larger bandwidths
than microwave systems. Millimeterwaves also have interaction with atmos-
pheric constituents. These characteristics make millimeterwaves have both ad-
vantages and disadvantages, depending on the applications [28]. Compared to

microwaves, the shorter wavelengths allow the reduction of component and sys-
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tem size, which is attractive for satellites and aircraft. The antennas have nar-
rower beamwidths, providing better resolution and precision in target tracking
and discrimination. Wider bandwidths provide a high-information-rate capabil-
ity in communications and high immunity to jamming and interference, because
of the large number of frequencies that can be used. Wider bandwidths also have
the benefit of greater Doppler frequencies, resulting in increasing detection and
recognition capabilities of slow-moving objects. Atmospheric attenuation and
losses of millimeterwaves are relatively low in the transmission windows com-
pared to infrared and optical frequencies, which make millimeterwaves more at-
tractive in unfavorable environment conditions, like fog, smoke and dust. On the
other hand, smaller wavelengths and smaller component size increase the need
for greater precision in manufacturing, which means higher costs, and narrow-

beamwidth millimeter radars are not suitable for large-volume search.

The main applications of millimeterwaves are telecommunications, radar, ra-
diometry and instrumentation. These include earth-to-satellite communications,
satellite-to-satellite communications, remote sensing, target tracking, imaging,
detection of atmospheric pollutants, plasma diagnostics, and military applica-

tions [29-31].

1.1 Imaging Arrays and Quasi-Optical Mixers

A two-dimensional, focal-plane imaging array with an optical lens can be
taken as a camera working at the millimeter-wave frequencies (Fig.1.1), com-
pared to a 35 mm camera working at the frequencies of visible light. The scene
either may be illuminated by a radar signal or may merely emit the blackbody
radiation. The energy from the scene is focused through an objective lens onto
the receiver array. The imaging array consists of many detectors located at the
focal plane in the imaging system. Each single detector generates an output

proportional to the energy emitted by its respective pixel. An appropriate pro-
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Figure 1.1 Basic configuration of a millimeter-wave imaging system.

cessing circuit can display a visual image of the millimeter-wave scene of the far
field. Since many identically built detectors are required for this application,

standard, integrated-circuit fabrication technologies can be used effectively.

A single-element, millimeter-wave scanning system, on the other hand, sees
only one pixel at a time; therefore, it is not able to image on rapidly moving
objects. Scanning systems can offer real-time imaging, at the cost of noisy per-
formance because their integration time per pixel is very short. Two-dimensional
imaging arrays offer much faster imaging of a scene than a single-element scan-

ning system [32].

Mixer techniques are commonly used at millimeter-wave frequencies and the
frequencies beyond. The biggest advantage of these techniques is that they avoid
the difficulty of building high-frequency amplifiers for the receivers. Instead, they
mix the incoming signal (RF) with a local oscillator (LO) signal to produce an
intermediate frequency signal (IF) and IF can be easily amplified and processed.
Traditionally, mixers are made of mixing elements and wave-guide circuits which

are normally machined. At shorter wavelengths, the wave-guide circuits become
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Figure 1.2 Basic structure of a quasi-optical mixer.

much smaller, making them very expensive to build. Quasi-optical components,
however, provide a solution to this problem. They combine the function of
an antenna and a mixer circuit into a single array. These types of circuits
potentially can be mass-produced by standard, integrated-circuit technology.
The applications of this technique include radars, satellite communication and

imaging systems.

Fig.1.2 shows a diagram of a quasi-optical mixer. The RF signal through
the diplexer is captured by the antenna, which is integrated into the mixer cir-
cuit. The LO signal reflected by the diplexer can also be captured by the same
antenna. Both RF and LO are fed into the mixer behind the antenna. For these
kinds of mixers, the LO-to-RF isolation is more difficult than the conventional

mixers; however, polarization duplexing can be used for improvement of this
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characteristic. Since a quasi-optical mixer is a combination of an antenna and a
mixer circuit, the mixers can be made compact and are potentially low cost. In
addition, one local oscillator can be used for all mixers if they are illuminated by
the LO signal in a quasi-optical manner. Quasi-optical mixers are an excellent

candidate for imaging arrays.

1.2 Integrated-Circuit, Back-to-Back Antenna-Mixer Arrays

The integrated-circuit quasi-optical two-dimensional back-to-back horn-
antenna-mixer array (Fig.1.3) presented in this thesis combines antennas and
mixer circuits monolithically. The array uses the focusing properties of the horn
and is made based on anisotropic etching of silicon. The etch forms pyramidal
cavities bounded by (111) crystal planes. The horn configuration is a so-called
“displaced back-to-back horn array,” which consists of a set of forward- and
backward-looking horns sharing the same membrane wafer. The horns are made
on a stack of silicon wafers pyramidally etched. Gold is evaporated on the side-
walls of the horns to make them highly conducting. The front side is used to
receive the signal RF, and the back side is used for the LO. Both RF and LO
are picked up by dipole probes suspended on 1-um silicon-oxynitride membranes
inside the horns on one of the central wafers. The power is detected by the bis-
muth microbolometers between the dipole probes. Instead of being supported by
a thick substrate, the probes and detectors are on the thin membrane, thinner
than a thousandth of the wavelength; consequently, the dielectric losses of the

antenna are negligible.

In order to make the array couple the incoming energy efficiently, the receiv-
ing area of each detector of the imaging array at the focal plane should be as big
as the resolution cell, the maximum physical area corresponding to its respective
pixel. In a diffraction-limited imaging system, in which the imaging array sam-

ples the imaging at such a rate that the resolution of the reconstructed image
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is limited only by the optical system [33], it is shown [34] that the sampling dis-
tance of field-magnitude detection is f A in free space, where f is the f-number
of the optical system and X is the signal wavelength. Once the distance between
the detectors is determined, the maximum physical area for each horn is also
fixed. In this design, the horn spacing is 1 A, assuming the antenna array to be

used in an f-1 system. In the antenna array, each detector can use the maxi-
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Figure 1.3 The back-to-back mixer array. Front view (a). Cross-sectional view (b).
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mum available space to receive the incoming power, but can also leave plenty of
room for electronic interconnections between the detectors. The array is fully
two-dimensional, and the horns are made simultaneously by integrated-circuit

processing techniques.

The aperture efficiency of a single horn in the array is defined as the power
received by the detector in the horn divided by the total power incident on the
horn aperture, when the array is illuminated by a plane wave. This definition
includes the taper loss, the cross-polarization loss, and the coupling loss between
neighboring horns. It also includes a mismatch loss between the dipole probe
and the detector, and the resistive loss of the sidewalls in the horn. Because
aperture efficiency of the imaging array is very important for its applications, it
need be investigated in detail and optimized. The designs of the back-to-back
antenna-mixer array are based on those horn arrays with optimized aperture
efficiencies. Applications of the back-to-back horn-antenna-mixer array include
imaging, remote sensing, atmospheric pollutant detecting, plasma diagnostics

and so forth.

1.3 Overview of the Thesis

The goal of the project is to develop high-efficiency integrated-circuit horn-
antenna imaging arrays for millimeter-wave applications. The effort has been
mainly emphasized on optimizing the efficiencies of the horn imaging arrays,
improving the fabrication procedures, and designs for the integrated-circuit back-

to-back horn-antenna-mixer arrays.

In Chapter?2, the aperture efficiency of the horn-antenna array is stud-
ied. Impedance mismatch, resistive, cross-polarization and horn-to-horn cou-
pling losses of the array are analyzed. Dipole impedance in a scaled model horn
is measured. Designs of dipole probes, coplanar strips and microbolometers

are presented and discussed. The theory and the design of a new quasi-optical
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power-density meter to be used in efficiency measurements are also presented in

this chapter.

Chapter3 presents fabrication procedures of etching horns in the silicon
wafers: growing low-stressed membranes on the surface of silicon wafers; making
one-step, bismuth, thermal-microbolometers with four-wire connections; coating
the entire sidewalls of the horns with gold, and building the power-density meters.
Photographs of the completed imaging array as well as the etched silicon wafers

before assembling are also illustrated in the chapter.

Chapter4 describes the aperture-efficiency measurement setups and cali-
brations, and gives the results of the measured aperture efficiencies at different
dipole probe lengths as well as the system-coupling efficiencies with variant f-
numbers at 93 GHz. Measured aperture efficiencies in the W-band (75-110 GHz)
are also presented. In Section4.4, test results of beam-lead diodes in the horn

array are given. These results include both environmental tests and pattern

measurements.

Chapter5 presents the designs of the horn structures and circuits of the
integrated-circuit, back-to-back, horn-antenna-mixer arrays, in which both fun-
damentally and subharmonically pumped, antenna-mixer designs are described.
Various antenna probes inside scaled model horns are tested in searching for
proper probes for the best RF and LO receptions. The measured impedances

are illustrated in the Smith charts.

Chapter 6 illustrates a unit-cell of the subharmonically pumped, antenna-
mixer array. The unit-cell, which has been built on a microwave scaled-model,
consists of one local oscillator horn and four RF horns. Measurements of imped-
ances and reception properties of the unit cell for both the RF horns and the LO
horn at frequencies from 2 to 12 GHz are presented and discussed. The RF-LO

and LO-RF isolations, as well as the pattern measurements of the RF horns and
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the LO horn in the unit cell, are also presented.

Chapter 7 presents some possible new research directions in the future based
on current research results and analysis. Ideas include transmission lines made
in silicon; back-to-back arrays to be scaled to terahertz range; introducing mono-
lithic Schottky diodes in the arrays; integrating superconducting tunnel junction
devices in the arrays; and mounting a monolithic millimeter-wave integrated

circuit amplifier in the arrays.
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Chapter 2

Horn-Antenna Efficiency Analysis and Circuits Design

The aperture efficiency of the horn antennas has been studied on a single-
side antenna array consisting of a set of 4 silicon wafers (Figure 2.1). These wafers
were etched by an anisotropic etchant [1], and pyramidal cavities in the wafers
were formed bounded by (111) crystal planes(2]. The aperture efficiency of a
single horn in the array is defined as the power received by the detector in the
horn divided by the total power incident on the horn aperture when the array
is illuminated by a plane wave. The theoretical pattern of the horn array was
calculated [3] by approximating the horn as a set of cascade rectangular wave-
guides. To do this, the boundary conditions were matched at each of the wave-
guide discontinuity and at the aperture of the horn. Then the pattern was found,
using reciprocity, by calculating the received fields inside the horn for waves at
different incident angles. The theory also predicted the normalized electric-
field distribution along the horn axis for a normal-incident plane-wave. The
normalized electric field in the horn along the horn axis is given in Figure 2.2 (3]
for an antenna array with horn openings of 1.0 A square. The field distribution
indicates that the best feed position for the antenna probes is 0.4-0.6 X from the
apex. In addition, the receiving patterns of the horn antennas were measured
at 93GHz and 242 GHz, and a measured horn aperture-efficiency of 44 % was

obtained [3]. This value of the aperture efficiency is considered to be low for most
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incident plane-wave onto a horn antenna array with 1.0 A square openings.

applications; therefore, losses of the horn antenna array need to be analyzed and

reduced.

2.1 Horn-Antenna Losses

Horn antenna array losses include the taper loss, the cross-polarization loss,
and the coupling loss between neighboring horns. They also include a mismatch
loss between the dipole probe and the detector, and the resistive loss of the
sidewalls in the horn. It is the mismatch loss and sidewall-resistive loss that
turn out to be the biggest losses that need to be reduced in order to improve the

aperture efficiency.

The taper loss is due to the non-uniform field distribution at the horn front,

which can be analyzed in terms of the aperture efficiency of the horn when the



19

horn has a matched-load and no other losses, or simply the matched-load aper-
ture efficiency. The matched-load aperture efficiency will be 100 % if the horn
antenna is uniformly illuminated without any phase error [4], which, in reality, is
always smaller than 100 %. Normally, the matched-load aperture efficiency will
decrease when the aperture size increases because a wider flare angle introduces
more non-uniformity of the field distribution. The matched-load aperture effi-
ciency can be obtained by Acg/A, where A.q is the effective area and A is the
physical area of the horn aperture. The effective aperture area A g of the horn

is given by
/\2
T 4r

where D is the co-polarized maximum directivity of the horn antenna defined as

Aeff (21)

4
D= 5" (2.2)
J. f02 P, sinfd dfd¢

0

in the formula, while P, is the normalized, co-polarized radiation pattern of the
antenna [3]. From the co-polar, two-dimensional scan at 93 GHz, the calculated

result is Ae/A = 90%, or the taper loss is 0.5dB.

The cross-polarization loss is the loss that is due to the cross-polarized elec-
tric field component which is measured at 93 GHz, and a maximum component
of —15dB is found in the 45° plane. An upper limit of the cross-polarization
losses can be found by assuming that the cross-polarized 45° plane pattern is
rotationally symmetric and by calculating the received power from this pattern.

The co-polar and cross-polar directivity of the antenna is then given by

4

T [3 P, sin6dodg + [77 [F P, sin6 d§d¢

D = (2.3)

where P, and P, are the normalized measured co-polar and cross-polar patterns.

The effect of the cross-polarized component decreases the matched-load aperture
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efficiency from 90 % to 86 %. Thus, the maximum cross-polarization loss is about

0.2dB.

The horn sidewall loss comes from the exposed silicon wafer (W2) in Fig. 2.1,
or membrane wafer, as it is called. While other silicon wafers were coated with
gold by evaporation to make them highly conducting, the membrane wafer was
not. This was because the membranes would also have been covered over during
the evaporation. These silicon wafers have a resistivity of 0.55{}cm, measured
using a four-point probe. The sidewall losses are then estimated by assuming
that only TE;¢ exists in the horn. The effect of the high-order modes is neglected,
and the TE;o current distribution on the sidewalls can be calculated [5]. Then

the resistive loss is obtained by

dc, (2.4)

;. _ V2R, /C2 1+ 2(53-)?
Cy

377 C, /1_(5%\:_2)2

where C, is the variable cross section of the pyramidal cavity. C; =0.7 and
C1 = 0.56 ) are, respectively, the front and the back cross sections of the horns
on the membrane wafer. R, is the millimeter-wave surface resistance of the

sidewalls, given by

R, = \/E—g—; (2.5)

where p and ¢ are the permeability and conductivity of the horn sidewalls, and
f is the operating frequency. For the membrane wafer, B, =45 at 93 GHz.
Additionally, the integral in Equation 2.4 is not valid for cross sections smaller
than 0.5 ). The losses of the gold-coated sections are negligible because R, is

very small. The total sidewall losses are calculated to be about 0.7 dB.
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2.2 Horn-Antenna Modeling

In order to understand the dipole probe behavior inside the horn, a 3 x 3
horn-array microwave scale model was built of aluminium at an operating fre-
quency of 7.3 GHz. A dipole probe and a coplanar-strip transmission line made of
copper foil were put inside the horn, 0.37 A away from the horn apex. This is the
same position as the dipole probes inside the 93 GHz horn array. The coplanar-
strip transmission line was shorted A/4 away from the dipole (Figure2.3), and
the dipole was connected to the coaxial line leading to a network analyzer [6],
which is calibrated to the end of the test set cable, using coax standards. The
length of the coaxial line between the dipole probe and the test-set cable is mea-
sured electrically by shortening the end point of the coaxial line at the center
of the dipole probe and measuring the electric delay. This extra length of the
coaxial line is calibrated out when the measured impedances are plotted on the

Smith chart by Puff, a microwave software CAD program [7].

The measurements were done on several different lengths of dipole probes,
from 0.32 X to 0.5 X. The measured results are shown in Figure2.4. The effect
of the cavity is that it increases the reactive impedance of the dipole. In other
words, it makes the dipole probe effectively longer. For an 0.5 dipole, as
it was designed in the 44 % aperture-efficiency measurement, the impedance
is 54 + 395 Q, compared with the bolometer fesistance, 138€2. The impedance

mismatch loss is then calculated by using

4R Ry

L = —5——5¢
(R? 4+ X3)

(2.6)

where Ry is the dipole radiation-resistance; R, is the bolometer resistance; Ry
is the sum of the dipole radiation-resistance, the bolometer resistance and the
series resistance in the circuit (4Q2); and Xy is the dipole reactive impedance.

The calculated mismatch loss is 2.2 dB.
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Dipole probe

Center conductor
of coaxial cable

:
Coplanar strip J Coaxial cable
transmission line

Figure 2.8 A 3 x 3 horn-array model at 7.3 GHz.
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The horn-to-horn coupling loss between nearby horns was also measured on
this model array by measuring the S5 parameters, and the loss is estimated to
be 0.1dB. In summary, the analyzed losses are listed in Figure 2.5. Among those
losses, the two biggest losses are the impedance mismatch loss of 2.2dB and the

horn-sidewall resistive lose of 0.7dB. The total calculated loss is 3.7dB versus

(a) L=0.201; Z=220Q -j116Q;
(b) L=0.301; Z=160Q -i79Q;
(c) L=0.401; Z=50Q +j0.1Q;
(d) L=0.504; Z=54Q+{95 Q;

Figure 2.4 Measured dipole-probe impedances on the Smith chart.
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Loss component loss, dB
Taper loss 0.5
Cross-polarization loss 0.2
Horn-sidewall loss 0.7
Mismatch loss 2.2
Horn-to-horn coupling loss 0.1
Total calculated loss 3.7
Measured loss 3.6

Figure 2.5 The summary of calculated and measured losses.

the measured result of 3.6 dB.

2.3 Dipole and Circuits Design

The impedance-mismatch loss and the horn-sidewall resistive loss are to be
reduced or eliminated; however, the reduction of the taper loss is not included
in this effort. The reason is that the taper loss comes from the non-uniformity
of the field distribution and phase error, which will not change unless the flare
angle of the horn, determined By the silicon (111) crystal planes, is reduced.
Figure 2.6 illustrates the circuit design on the membrane. The dipole probe
is put in the center of the membrane, which varies in length from 0.32 X to
0.5\ in a set of horns. A four-wire connection is used for the dipole probe to
eliminate the effect of the series resistance and contact resistance. The four
wires are actually two parallel, coplanar-strip transmission lines on each side of
the dipole probe. The bismuth thermal bolometer, made by using a double-
layer photoresist-bridge technique, is located in the center of the dipole probe.
Both the dipole probe and the microbolometer can be evaporated in the same
vacuum (detailed in Chapter3), which gives the microbolometer much higher

responsivity and lower noise.
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The dipole probe and the coplanar strip are made of silver with a width of
80 um; the spacing between the coplanar strip is 40 um, and the characteristic

impedance of the coplanar-strip transmission line is 2002 [8]. Near the edge

Silver coplanar strip
transmission line

7=4Q

5

Membrane | | | Membrane

~ 032~0.50A -
IE—— . Silver dipole
- probe

Bismuth Bolometer

Contact pads

Figure 2.6 The dipole probe, micro-bolometer, and circuit on one of the membranes.
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of the membrane, the coplanar strip sandwiched by two silicon wafers has a
very low characteristic impedance, about 4£). However, a quarter-wavelength
back at the bolometer, it acts as an open circuit. This provides RF isolation.
Moreover, because it is a quarter-wavelength, a small impedance variation of the
transmission line is not very critical in the design. The transmission lines leading

the signal to outside circuits are aligned to the contact pads.

2.4 Power-Density Meter Design

In measuring the antenna aperture-efficiency, knowing the absolute power
density at the receiving antenna is essential. Relative power-density measure-
ments at millimeter wavelengths are commercially available. These consist of two
principal types: quasi-optical power meters in which the radiation is incident on
an absorbing element in free space [9], and wave-guide power meters in which the
radiation is coupled by a horn to a fundamental-mode wave-guide and absorbed
by an element in the guide. However, absolute power-density measurements
are more difficult. With the quasi-optical power meters, the uncertainty comes
about from not knowing accurately the absorption coefficient of the detector ele-
ment. This problem also exists in the wave-guide power meters. Other problems
with wave-guide power-meter measurements are the repeatability of connections,

calibration of directional couplers, and the uncertainty in standard-gain horns.

Recently, millimeter-wave, power-density meters have been developed whose
absorption coefficient is accurately known and whose response can be calibrated
at low frequencies. In one approach, radiation is absorbed in a metallic thin
film suspended in a gas cell, and a microphone detects the resulting pressure
change [10], with a quoted accuracy of 10%. Another approach consists of a
thin-film bolometer on a silicon-oxynitride membrane whose responsivity is cali-
brated with an amplitude-modulated ac current. The resistance change resulting

from the incident chopped-millimeter-wave signal is measured with a lock-in am-
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plifier [11].

The power-density meter presented in this thesis is a simple design consisting
of an evaporated large-area bismuth film on a mylar membrane (Figure2.7). No
vacuum windows are needed; the device is easy to fabricate, and calibration is
performed with DC measurements only. This means that no chopping factors or

frequency roll-off corrections are required, the device is polarization independent,

and the reception patterns are smooth [12].

The large-area bolometer in the power-density meter is a thermal detector
whose resistance change is proportional to its thermal impedance. The resistance

responsivity in Q/W is given by

Evaporated bismuth film Acrylic mount

o o

—— Current lead

v

%/ Voltage leads

~4— Current lead

AN

NN

Mylar membrane Silver paint

Figure 2.7 Large-area, thin-film, bismuth bolometer on a membrane.
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0.5 absorbed
oy O
1 0.25
7=377Q Z=0.57 7=377Q
0.25
e, O
Air Bismuth bolometer Air

Figure 2.8 Transmission-line model of the thin-film, power-density meter.

RQ = aaReRt (27)

where a is the millimeter-wave absorptance, a is the temperature coefficient of
the bolometer material, R, is the electrical resistance, and R; is the thermal
resistance. The bolometer is constructed on a 5-ym mylar membrane in order
to increase the thermal resistance of the device. The device active-region is 2 X
2 cm?. Since the bolometer is much thinner than a wavelength, it can be modeled
as a lumped resistance in a transmission-line equivalent circuit (Figure2.8). The
bolometer has an absorption coefficient of 0.5 when it has a sheet resistance
of 189 /square. At this sheet resistance, the power-density meter receives its
maximum power; therefore, the accuracy of the power-density meter is insensitive

to small changes in the resistance change or the angle of incidence.
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Chapter 3

Integrated-Circuit Horn-Antenna Array Fabrications

Silicon is being increasingly used in a variety of new applications not because
of its well-established electronic properties, but rather because of its excellent
mechanical properties. Similarly, silicon is employed in the horn antenna array
used more as a mechanical material rather than as an electronic material. Silicon
has anisotropic properties and can be etched by an anisotropic etchant to form
horn-shaped cavities. In addition, silicon is inexpensive and can be easily batch-
fabricated by the standard photolithography techniques. The horn antenna array
consists of a stack of silicon wafers with etched horns in them. Once the aperture
size and the antenna-probe position inside the horn are determined, the thickness
of the silicon wafers and the window size on the masks for each wafer can be
designed accordingly so that pyramidal horns can be produced with smooth
sidewalls when these wafers are assembled. Antenna probes and circuits are
integrated on the silicon-oxynitride membranes, which are suspended inside the
horns. Making low-residual-stressed membranes is a critical step in the horn-
antenna-array fabrication process. Since the antenna probes are suspended on
the membrane, they radiate effectively in the free space; therefore, they do not
have any dielectric substrate loss. Furthermore, there is plenty of space between

the horns for transmission lines.



32

3.1 Etching Horns in Silicon

The horn antenna array consists of a set of four anisotropic-etched, n-type-
doped silicon wafers, including 2 membrane wafer (W2 in Figure2.1, Chapter2).
The horns are made by coating both sides of silicon wafers with a protection
layer, silicon-oxynitride for the membrane wafer, and silicon-dioxide for other
wafers. The silicon-dioxide layer is made by thermal oxidation because this is a
quick and easy way to grow protection layers. The thickness of the silicon-dioxide
is usually about 1.5 um. The photoresist pattern is defined on one side of the
wafer and the other side is protected by a glass slide with a layer of photoresist
between them. The protection layer on the front side is first etched off by buffered
HF acid. Then the photoresist and the glass slide are removed. The wafer with
open windows on the front side and protection layer on the back is ready for
EDP etching. EDP, or Ethylene-Diamine Pyrocatechol solution, an anisotropic
etchant developed about 20 years ago[1,2], etches silicon (100) crystal planes
much faster than (111) planes, because the (111) planes in the silicon have the
highest atom density of any other crystal planes. It is necessary to point out
that EDP is highly dopant-dependent, exhibiting near-zero etch rates on highly
boron-doped silicon, but etches well on phosphorus-doped silicon, namely, n-
type silicons. The anisotropic etch-rate ratio of (100) over (111) is about 50:1
experimentally. The etching rate for (100) plane is usually about 50 pm/hour at
110 C°. This forms pyramidal cavities in the silicon bounded by (111) crystal
planes. The angle between (100) and (111) planes in the silicon is 54.74°; the
horn flare angle is 70.52° [3]. Although this angle is larger than desirable for horn
antennas, it is possible to achieve smaller flare angles with ion-beam milling or
reactive-ion etching, but it is expensive and needs special masks. EDP etching,
however, is a very inexpensive chemical etching process. Additionally, it has
good repeatability and can be easily masked by a variety of materials, such as

silicon-dioxide, silicon-nitride, chromium or gold [4].
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Silicon has a cubic crystal structure. Some simple crystal planes are illus-
trated in Figure3.1(a). When etching horns in silicon, it is necessary to align
the edge of the mask windows to a (110) plane, as shown in Figure 3.1(b). The
horn opening is in the (100), but each edge of the square opening is in the (110)
plane. The four neighboring (111) planes form the sidewalls of the horn. If a
misalignment happens, it will increase the size of the etched pyramidal cavity or
possibly will break the walls between the cavities[5,6]. This is because etching
through silicon wafers with a thickness of a few hundred micrometers is a long-
time etching, and undercut etching is unavoidable. Moreover, EDP has a fast
convex undercut-etching rate. Figure 3.2 illustrates the general EDP anisotropic
etch-undercutting rules when the silicon wafer is etched long enough{7]. The
pattern on the left-hand side shows that an arbitrarily shaped, closed pattern
masked by a silicon-dioxide layer will result in a rectangular cavity in the sil-
icon, bounded by the (111) planes and oriented in the <110> direction. The
pattern on the right-hand side shows a misaligned rectangular horn resulting
in a larger rectangular horn. When it is etched through, it leaves a freestand-
ing silicon-oxynitride membrane on the other side. The membrane dimension

Wy = Wy — 2t tan(35.26°) ~ W; —/2t.

Accurate alignment of the surface pattern to the crystal plane is necessary
to achieve good dimensional control. The misalignment undercut error needs to
be controlled under a certain degree, especially for the front wafer W1. The horn
openings of W1 need to be as close as possible to get the maximum receiving
area while leaving enough tolerance for the undercut error to avoid destroying
the horns. If a rectangular-shaped mask is misaligned by an angle 6, indicated in
Figure 3.2 (a), then the original W x d rectangle becomes Wy xdy; W1 = dsinf+
W cos8 and dy = Wsinf + dcosf. The maximum relative error introduced is
(dy—d)/d = 2sin6+cosf, assuming that W = 2d. If 6 < 1°, then (dy —d)/d <
3%. This § < 1° can be achieved by cutting (100) silicon wafers right on
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(100) Plane (110) Plane (111) Plane

(a)

(b)

Figure 3.1 A few simple crystal planes in silicon and their corresponding crystalv
<directions> (a); a horn bounded by four (111) planes, and the edges are in (110)
planes(b).
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the (110) plane; then the edge of the pattern is aligned to that (110) plane.
Alternatively, a long, narrow groove can be etched first roughly along the (110)
plane until the two (111) planes converge to one line in the (110) plane, like the

(100) plane

(2)

Silicon-dioxide mask

N = W g
(111)Plane
(110) Plane
W2

/

Silicon-oxynitride membrane

(b)

Figure 3.2 Illustration of pyramidal cavities etched into a (100) silicon wafer with a
silicon-dioxide mask, using the anisotropic etch EDP (a); cross-sectional view of the

silicon wafer (b).
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pattern on the left-hand side in Figure3.2. Later, this long line in the (110)
plane can be used as an alignment mark. In the design, spacing between the
horns on W1 is about 80 um, and the opening of the horn is 1.0 A. Other wafers

in the back are of less concern because the horns are far apart.

The pictures in Figure 3.3 show etched silicon wafers W1, W3 and W4 with
a 7x7 horn array on them. After etching, these wafers need to be thoroughly
cleaned before being coated with gold to make them highly conducting. Notice
that W3 is not completely coated with gold as the other two wafers are, but it

lﬂﬂﬂﬂﬂﬂﬂ

W]
CIECIE ]

Figure 3.3 Photographs of 7X7 horn arrays etched in the (100) silicon wafers of W1,
W3 and W4 by using anisotropic EDP.
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has gold only on the sidewalls. This is because W3 is next to the membrane on
which all the circuits are located; therefore, W3 needs to keep its silicon-dioxide

as an insulating layer to isolate the low-frequency transmission lines.

3.2 Membrane Deposition and Stress Analysis

The membrane is made by coating a silicon wafer with a thin film of silicon-
oxynitride, using a plasma-enhanced, chemical-vapor deposition (PE-CVD)|[8].
‘Then the supporting silicon in the defined windows is etched off, resulting in free-
standing membranes. To produce mechanically strong, free-standing membranes,
the mechanism of the broken membrane needs to be studied. Normally, broken
membranes are caused by residual stress or in the membrane when a square
portion of the supporting substrate is removed, or a stress op produced by a

pressure difference, or a combination of the two.

When a film with stress is deposited on a thin silicon substrate, the substrate
will bend by a measurable degree. A tensile stress will bend the substrate to
a concave, while a compressive stress will bend it to a convex. Figure3.4(a)
shows a tensile-stressed membrane silicon wafer, which is bent concavely. Upon
etching away a square substrate region, the membrane relaxes from position 1
to position 2, shown in Figure 3.4(b). This relaxation causes the residual stress
to be less than the initial residual stress in the film. This will produce flat and
rigid membranes under the condition that the residual stress o is less than the
tensile strength of the silicon-oxynitride, op, which is estimated to be around
4 x 10* N/em?. On the other hand, on a compressive-stressed membrane wafer,
the membrane breaks easily when a portion of the substrate is etched away. The
strength of the membrane can be expressed in terms of hydrostatic strength @,
defined as the pressure differential across the membrane sufficient to cause it to
rupture. For a square membrane, a break occurs first at the center, when the

internal stress in the membrane is equal to the tensile strength op of the film.
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The hydrostatic strength is given by [9,10]

2Fd (o — oRr 3/2
L \ K(v)Ef

Q= (3.1)

where E, v, L and d are Young’s modulus, Poisson’s ratio, the edge length and
the thickness of the film, respectively. The function K(v) is given by

(1 _ V2)2/3

K(v) = 0323 *—

(3.2)

Poisson’s ratio for the silicon-oxynitride is around 0.2. This gives K(v) of 0.39.
To increase the hydrostatic strength, the residual stress og needs to be reduced.

The residual stress of the silicon-oxynitride can be measured [11] and is given by

__ B, &k
- 31 —vs)rs2 dy

OR (3.3)

Silicon-oxynitride film

Position2
Position1
(b)

Figure 3.4 A film with tensile stress grown on a thin silicon substrate(a); when a

portion of silicon is etched away (b).
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where E;, v,, ds and r, are Young’s modulus, Poisson ratio, the thickness and
the radius of a circular substrate, respectively. For a (100) silicon substrate, v is
between 0.2 and 0.25, and the value of H%W is 1.8 x 107 N/(cm)?2. h is deflection
of the substrate caused by residual stress shown in Figure3.4(a), and dy is the
film thickness. Both h and djy can be measured by a surface-profile machine,
DekTak. Figure3.5 shows the typical measured results of deflection h and film
thickness dy as a function of distance. In the df measurement, the film is etched
off, masked by equally spaced windows, resulting in a step function like surface
profile. The thickness is taken as an average of these steps. For a 1.5inch radius
and 550 pm-thick silicon wafer, with measured A = 3.1 pym and dy = 1.5pum,
the residual stress is calculated to be 9700 N/(cm).

The film is grown using gases of nitrous oxide (N2 O), ammonia (NH3) and

i

Surface profile, um

Distance, cm

Figure 3.5 Measured profile on a stressed silicon substrate (dashed line); a substrate

with evenly spaced film windows (solid line).
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Figure 3.6 Residual stress as a function of relative gas-flow rates.

silane (SiH4) [12]. The residual stress in the film can be controlled by regulating
the relative gas-flow rates of nitrous oxide N;O and ammonia NHz. This is
shown in Figure 3.6, which indicates that films with tensile, compressive or with
no residual stress may be produced [13]. After many testings and readjustments,

the optimal operating conditions listed in Figure 3.7 have been adopted.

The deposition temperature is 350°C and the pressure in the chamber is

2.0 Torr. An RF power density of 0.012 W/cm? is used, with an RF frequency

Gases SiH4 NoO NH; Unit
Flow rate 250 500 1500 SCCM
Flow control 2.5 0.84 2.5 Volt

Figure 3.7 Optimal gases flow rate for making low residual-stress film.
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of 440 KHz. The 7 x 7 membrane array is built on this kind of low residual-
stress film wafer, with a membrane size of 1.8 x 1.8 mm. These membranes
have withstood all standard fabrication procedures, such as photoresist spinning,
contact exposure, evaporation in the vacuum and photoresist liftoff. The lowest
residual stress of 420 N/(cm)? has been tested. With such a low residual-stress

film, a large area membrane as big as 13 x 13 (mm)? has been made.

3.3 Dipole Probes and One-Step Thermal Bolometers

Dipole probes, thermal bolometers and low-frequency transmission lines are
integrated monolithically on the membrane surface by the standard semiconduc-
tor-photolithography techniques. Silver is used for the dipole probes, bismuth for
the thermal bolometers and gold for the transmission lines. The dipole probes
and transmission lines are first defined. The bismuth-bolometer, photoresist
pattern is then aligned to the dipole probes; bismuth is evaporated and finally
the liftoff is performed. The contact between bismuth and silver, however, used
to be a problem. This is illustrated in Figure 3.8 (a) and (b). After the liftoff of
silver, a pair of sharp, thin edges of silver near the opening is left behind. When,
bismuth is evaporated onto the silver, the bismuth will be cut into three segments
like a broken circuit. One way to avoid this is to give the photoresist surface a
special treatment, e.g., to sink the substrate in chlorobenzene for a few minutes
before developing {14,15]. As a result, it gives an overhanging photoresist profile,
as shown in Figure3.8(c). This will produce a smoother silver edge for a better

contact between the silver and the bismuth.

There are two major disadvantages of evaporating silver and bismuth sep-
arately. First, for small dipole probes and small bolometers, the alignment be-
tween the two becomes very critical. Secondly, the noise is pretty high compared
with the two metals evaporated without breaking the vacuum, or the one-step

process [16]. The one-step process is a photoresist bridge technique, utilizing
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double layers of the photoresist with a CF4 plasma buffer layer in between [17].
But this process is not stable and does not have good repeatability, because of
the uncertainty of the CF; buffer layer produced by a plasma etcher in our labo-
ratory. The buffer layer used in the current process is a thin layer of aluminum.

The illustration of this process is shown in Figure 3.9.

After the first-layer photoresist is spun on the substrate, it is flush-exposed.
A thin layer of aluminum is then evaporated on top of it, followed by spinning

the second layer of the photoresist. Then, this second layer of the photoresist is

Silver

Bismuth Silver

. Substr

(b)

Silver

. Subsrate

(c)

Figure 3.8 Silver deposited on photoresist-patterned substrate (a); bismuth evaporated
on the substrate after silver liftoff (b); the overhanging photoresist profile produces

smooth silver edges (¢).
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Flush expose

Mask

Aluminium

Aluminium

Bismuth Silver Silver Bismuth

Aluminium

T 722 200007

Xynitri

Figure 3.9 Photoresist bridge with a buffer layer of aluminum to produce one-step
microbolometer.
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mask-exposed. After the top layer photoresist is developed, the aluminum in the
opened window is etched off. The bottom layer of the photoresist is then overde-
veloped. Because the gap in the center is very narrow (4 pm), overdeveloping will
get out the bottom layer exposed-photoresist but will leave a suspended photore-
sist bridge on the top. Afterwards, silver is evaporated normal to the substrate
and bismuth is evaporated with an angle from both sides. In evaporating bis-
muth, a voltmeter is connected to a sample dipole probe, so that the resistance
of the bismuth bolometer can be monitored and controlled. The thickness was
about 1500 A for a resistance of 90§. A photograph of such a bridge is shown in
Figure 3.10, taken by a scanning electron microscope (SEM). Figure3.11 shows

before and after the evaporation and liftoff on such a bridge, taken by a Polaroid

Figure 3.10 Photoresist bridge on the membrane taken by SEM.



Figure 3.11 Photoresist bridge before (a) and after (b) the evaporation and liftoff.
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camera through a high-magnification microscope. Because the dipole probes and

bolometers are suspended on the membrane, they effectively radiate in the free

space; therefore, they do not have any dielectric substrate loss.

3.4 Coating Horn Sidewalls with Gold

All the wafers need to be coated with gold on the sidewalls before assembling
in order to eliminate resistive losses. The wafers were easily coated with gold
except for the membrane wafer. This is because the membranes would also have
been covered over during the evaporation. To solve this problem, quite a few
methods have been attempted. One of them was to cover the membrane with

the photoresist before evaporation, using either positive or negative photoresist.:

Computer- Horn array

controlled motor

Evaporation
boat with gold

Figure 3.12 Gold coating the sidewalls with a tilted substrate.
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This method was proved to be unsuccessful because the photoresist accumulated
in the cavity was too thick to be exposed and developed properly. Another way is
electric plating of gold on the sidewalls, since doped silicon conducts pretty well
at room temperature. In doing so, unfortunately, the gold was not well confined
on the horn sidewalls, but spread over onto the membranes. Furthermore, the
gold accumulated on the sidewalls very loosely; consequently, annealing was nec-
essary in the process. Most membranes could not withstand temperatures higher
than 300 C° in the annealing process. In an attempt to look for alternatives, an
easier way was found, namely, by evaporating gold with a tilted substrate, as
shown in Figure3.12. The opening of the horn automatically forms a shadow,
which blocks the membrane from the gold vapor. A small computer-controlled
motor is connected to the substrate chuck, so that the substrate can be rotated
easily between the evaporations of the different sides. This coating process can
be done either before or after the wafers’ assembly. As a matter of fact, this is
normally done not only after the wafers’ assembly, but also after the first time
of the efficiency measurement, so that the aperture efficiencies before and after

the gold-coating sidewalls can be compared.

Photographs of the membrane wafer are shown in Figure3.13, in which
the antenna probes, bolometers, and circuits have already been laid out on the
membrane surface. Notice that the membrane side is going to face the apex
of the horn when the four silicon wafers are assembled. Figure3.14 shows the
picture of a full 7x7 antenna array operating at 93 GHz, with entire sidewalls

having been coated with gold.
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)
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(

Figure 8.13 Photographs of the membrane wafer, looking from the membrane side (a)

3

and looking from the opposite side (b).
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Figure 8.14 The full 7X7 horn antenna imaging array, with entire sidewalls coated
with gold, working at 93 GHz. The opening of each horn is 1A or 3.2mm, and the
whole device size is about 3.5x3.5cm?.
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3.5 Fabrication of the Power-Density Meter

In the process of making the power-density meter, a 5-um-thick mylar sheet
is first glued on an acrylic frame (shown in Figure2.7). This is done by stretching
the mylar sheet flat using an embroidery loop, then epoxy-gluing the mylar onto
the acrylic frame. The bismuth film is evaporated through a metal mask onto
the mylar until the DC sheet resistance is 189 Q. The thickness is about 500 A.
This sheet resistance gives the maximum absorptance of 0.5 by the thin film.
Bismuth is chosen as the bolometer material because of its high temperature
coefficient, measured to be 0.0026 K~!. The bolometer is surrounded by 5-cm
styrofoam blocks to reduce convection heat loss to the air and to block infrared
radiation. By placing the structure in an absorbing beam dump, reflections
and other unwanted signals are minimized (Figure 3.15). The bolometer has a
time constant of 1 minute, which appears to be determined by thermal diffusion
through the styrofoam. The attenuation at 93 GHz in the styrofoam is measured

to be less than 0.01 dB/cm, so that its effect on the measurements is negligible.

Convection and
IR shields

Thin film bolometer
on mylar membrane

Beam dump

Figure 3.15 The power-density meter with the bolometer embedded in styrofoam.
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In addition, the absorptance is independent of polarization and frequency. The
geometry of the device allows for a four-point measurement, which eliminates the
effect of resistance in the contacts because the biasing leads are separate from the
voltage-sensing leads. The bolometer is a 2x2cm? square and is much thinner
than the skin depth in bismuth at millimeter wavelengths (5 ym at 93 GHz), so
the RF sheet resistance is the same as the DC resistance, which can also be

monitored and controlled during the bismuth evaporation.
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Chapter 4

Horn-Antenna Array Efficiency Measurements

The aperture efficiency of a single horn in the array is defined as the power
received by the detector in the horn divided by the total power incident on
the horn aperture, when the array is illuminated by a plane wave. Accurate
calibration of the microbolometer and the power-density meter is crucial in the
aperture-efficiency measurements of the horn antenna arrays. Responsivities
of both microbolometers in the horns and the bolometer in the power-density
meter can be obtained through measurements. Considerations and tests have
been made for different sources of errors, such as resistance drift, source-power
drift, edge effects, time constants and varying angles of incidence. In order
to simplify the measurement and increase the accuracy, a complete DC method
has been developed on millimeter-wave, absolute power-reception measurements,
in contrast to a modulated RF power-reception measurement which was used
before. In the measurements, a klystron was used to provide the 93-GHz RF
power. Signal changes were measured by Hewlett-Packard multimeters and data
were collected, calculated and plotted by PC computers. As an initial test for the
antenna-mixer array development, beam-lead Schottky diodes were introduced

into the array, on which both environmental and electrical tests have been made.
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4.1 System Calibrations

The resistance of either the microbolometer or the bolometer in the power-

density meter is a linear function of the power dissipated in it [1],
R =Ry +RP (4.1)

where R and Ry is the biased and non-biased resistance of the bolometer, R is the
resistance responsivity ( /W) of the bolometer, and P is the power dissipated
in the bolometer, being either DC power or RF power. Since Equation (4.1) can

be expressed as

% = Ry +R(IV) (4.2)

R can be found by measuring the DC I-V curve of the bolometer. These bolome-
ters are all four-lead connected, with two leads for DC bias and two leads for
the voltage measurement (shown in Figure4.1), which essentially eliminates the
effect of the series resistance; therefore, there is no need to take the series re-
sistance into account in the calibration. Figure4.2 shows a typical R-P plot
for a one-step microbolometer on the membrane, along with linear fitting lines;
the correlation coefficients for the fits are normally better than 0.999. The I-V
curve for each bolometer is measured before and after the aperture-efficiency
measurement to ensure the accuracy. The deviation of the resistance responsiv-
ity between the two measurements is usually smaller than 0.5 %. The resistance
responsivity of the microbolometer is typically 2 x 10* Q/W, while 150 /W for

the bolometer in the power-density meter.

Equation4.1 can also be written as
R = Ro—i—R(Ppc—f-PRp) (4.3)

The resistance change ARgp of the bolometer caused by an RF power is found

when the changes of the voltage are measured with a constant DC current applied
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Figure 4.1 Circuit connections of the bolometer-responsivity measurements.
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Figure 4.2 Measured resistance versus DC bias power for the microbolometer, be-
fore (dashed line) and after (solid line) the aperture-efficiency measurement.
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to the bolometer,
ARgr = R— (R + RPpc) (4.4)
Then the Prp is simply given by

AR
Prp = — RRF (4.5)

All voltage and current measurements are made with Hewlett-Packard 63-digit
multimeters. The time constant of the microbolometer is in the order of millisec-
onds; on the other hand, at least 5 minutes are needed before making a resistance
measurement to allow for the long time constant of the large-area bolometer in
the power-density meter. To obtain accurate, absolute power-density measure-
ments from the power-density meter, edge effects and the effects of the biasing
contacts and the voltage-sensing leads should be negligible. To check for these
effects, several bolometers of different sizes were constructed. The measurements
from the different bolometers agreed to within +2%. The results are shown in

Figure 4.3 measured at 93 GHz.

The bolometer response of the power-density meter as a function of incident
angle can be calculated by using the transmission-line model. When the sheet

resistance is half the free-space impedance, the pattern is independent of the

Width, cm Length, cm Power density, pW /cm?
2.0 2.0 575
2.0 1.5 565
2.0 1.0 564
1.5 2.0 582
1.0 2.0 569

Figure 4.3 Power densities measured with different bolometers at 93 GHz. The sample
standard deviation is 1.2 %.
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polarization and is given by

2cos? 6

- (1 + cos 6)? (+6)

P(8)

where 6 is the incident angle. The measurements agreed well with the theory,
and there are no spikes near normal incidence [2]. Furthermore, since maximum
absorptance of the power is obtained at normal incidence, the accuracy of the
power-density meter is insensitive to small changes in the angle of incidence. At
higher frequencies, the finite thickness of the mylar membrane will affect the ab-
sorptance of the bolometer film. The calculated correction factor indicates that
the absorptance will decrease by 1.2% from 0.5 at 1 THz when the bolometer
film is in front of the mylar sheet. The reflective index is taken from[3]. This
verifies that the effect of the mylar is negligible at 93 GHz. Alternatively, the
thickness of the membrane could be reduced to avoid using the correction [4] for
high frequencies. Considerations and tests have been done carefully for different
sources of errors: resistance drift, edge effects, time constants, varying angles of
incidence, and absorption in the styrofoam, and it is believed that the measure-
ments are accurate to better than 5% for incident power densities greater than

100 pW /cm?.

4.2 Aperture Efficiency Measurements

In the aperture efficiency measurements, the RF signal source is a 93-GHz
klystron with an output power of 170 mW. The horn array is placed in the far
field of the source (Figure4.4), about 60 cm away, which is much farther than the
far-field criterion of 2d?/\, where d is the larger cross section of the transmitting
horn. In the neighborhood of the measurement setup are the millimeter-wave
absorbers. Figure4.5 shows the mounting and wire connections of the antenna
array to the outside circuits. The microbolometer is biased by a DC current

source at about 1mA. By blocking and unblocking the incoming signal, the
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changes in resistance of the microbolometer were measured. Then, the power-
density meter is placed at the same location, and its changes in resistance are
also measured. The aperture efficiency n of a horn can then be written as a

simple formula,

where A,, is the area of the power-density meter, R,, is the corrected resis-
tance responsivity of the meter, AR} is the resistance change of the horn micro-
bolometer, Aj is area of the horn, R is the responsivity of the horn micro-
bolometer, and AR, is the resistance change of the power-density meter. Al-
ternatively, the power-density measurement can be related to the reading on the

wave-guide power meter in Figure4.4. This makes it unnecessary to calibrate

the directional coupler, attenuator, and horn individually.

Figure 4.6 shows the measured efficiencies for different dipole probe lengths.
Measurements were made first for membrane wafers without gold coating. After

the membrane wafers were coated with gold, the efficiencies were measured again.

Horn array

Klystron

Directional
Coupler

() Hele=m=l >

Attenuator

Isolator Horn

==

Wave-guide

ower meter ;
P Power-density meter

Figure 4.4 The setup of the aperture efficiency measurement.
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(b)

Figure 4.5 Photographs of the antenna array mounting and wire connections; front
view (a) and back view (b).
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Figure 4.6 Measured aperture efficiencies at 93 GHz versus dipole probe length. The
efficiencies were measured before (labeled with squares) and after (labeled with stars)

coating the membrane-wafer sidewalls with evaporated gold.

The efficiency reaches its maximum value, 72 %, for a length of 0.37 A, compared
with 44 % obtained before [5]. For all but the longest probe, gold-coating the side-
walls of the membrane wafer improves the efficiency, with a typical improvement
of 6%. Figure4.7 shows the estimated loss breakdown. The total calculated
loss is 1.2dB, compared with the measured value, 1.4dB. There is still some
mismatch loss (0.4 dB) because the bolometer resistance in the meas-urements
is about 902, compared with the resonant antenna resistance of 502 that was
measured on the microwave model. A plot of the efficiency versus the frequencies
ranged from 77 GHz to 109 GHz was also made for various dipole-probe lengths,
and this is shown in Figure4.8. Probes with lengths in the range from 0.37 to
0.40 X gave efficiencies better than 60%. The 3-dB bandwidths are of the order
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Loss component loss, dB
Taper loss 0.5
Cross-polarization loss 0.2
Mismatch loss 0.4
Horn-to-horn coupling loss 0.1
Total calculated loss 1.2
Measured loss 14

Figure 4.7 The summary of calculated and measured losses.
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Figure 4.8 Measured aperture efficiencies at 93 GHz versus frequency for different
dipole-probe lengths.

of 10 GHz.
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4.3 System Efficiency Measurements

The Measurements of the system coupling efficiency were made with a lens
in front of the array (Figure4.9). The system coupling efficiency is the ratio of the
detected power to the power incident on the lens. In the measurement, various
stops were used to change the half angle subtended by a 100-mm diameter lens
with an f-number of 0.75. The highest system coupling efficiency with a lens
is 36% for an f-number of 0.75(Figure4.10). The losses from reflection and
absorption in the lens were estimated to be 28 %, so that it should be possible
to achieve a coupling efficiency of 50% in an f-0.75 system with reflecting optics.

In conclusion, aperture efficiency of the integrated-circuit horn antennas has
been improved up to 72% by optimizing the length of the dipole probes and by
coating the entire horn sidewalls with gold. The system coupling efficiency is 36%
for an f-number of 0.75. The resonant resistance of the dipole probe was found

to be 50 at the dipole probe length of about 0.20 A. Meanwhile, a new thin-

Horn array
Plane wave

Transmitting horn

v
<

Obijective lens Stop

Figure 4.9 A system of coupling efficiency measurements. Different f-numbers were

obtained by changing stops behind the lens.
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Figure 4.10 The measured system coupling efficiencies. The horizontal axis is the half
angle subtended by the lens, which is varied by changing stops behind the lens. This
measurement includes the loss from reflection and absorption in the lens.

film, large-area- bolometer power-density meter was developed for measuring
millimeter-wave power density with accuracies better than 5%. These horn
antennas are now efficient enough to be considered for practical applications,

such as remote sensing, plasma diagnostics, and radio astronomy.

4.4 Test of Beam-Lead Diodes in the Horn Array

In the aperture efficiency measurements described above and other previ-
ous measurements including pattern measurements[5], the detector used in the
antenna array on the dipole probes is always a bismuth, thermal microbolome-
ter, which is a very useful detector considering its simple fabrication techniques

plus its easy and accurate calibration. However, in the application of imaging
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Silicon-oxynitride membrane

Contact pads

Figure4.11 A beam-lead, Schottky diode silver-paint glued on the membrane in the
center of the dipole probe. The dimension of the diode is about 900x 300 pm?2,

a fast-moving object, the microbolometer with a millisecond response time be-
comes inadequqte; thus faster detectors are in demand, for example, Schottky
diodes or SIS detectors. Additionally, in a quasi-optical, antenna-mixer array,
a non-linear mixing element other than a thermal bolometer is also an essential
requirement. Hence, diodes or other semiconductor detectors need to be intro-
duced into the horn antenna array, either monolithically or in a hybrid manner.
As a preliminary test, a few beam-lead diodes were mounted on the membrane in
the center of the dipole probe (Figure4.11), using a gold-filled epoxy, which was
cured at 125°C for 2.0 hours. This antenna array with diodes in it has success-
fully passed the standard environmental test [6], which includes 8 temperature

cycles between —30.0 to +65.0°C, 48 hours of continuous burn-in at 62°C and
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Figure4.12 E-plane(a) and H-plane(b) patterns of the horn antenna array using
beam-lead diodes as detectors; measured results in solid line and theory in dashed line.
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Plane Frequency Beamwidth (degree) Cross-Pol.
of scanning (GHz) 3dB 10dB 20dB Level (dB)
E-plane 75 38.0 132.7 — -15
E-plane 85 37.3 106.6 165.2 -20
E-plane 95 47.8 89.4 165.7 ~24
E-plane 105 46.8 80.2 144.4 -18
H-plane 75 74.3 125.3 155.3 -15
H-plane 85 50.6 109.2 153.3 -18
H-plane 95 49.4 109.3 146.5 -17
H-plane 105 45.8 101.0 142.5 -22
Diagonal 75 44.8 113.7 169.9 -13
Diagonal 85 41.0 91.6 169.9 -13
Diagonal 95 42.7 94.5 162.2 -17
Diagonal 105 54.7 85.1 145.1 -15

Figure 4.13 Summary of the pattern beamwidths and cross-polarization levels of the
beam-lead diode, horn-antenna array; cross-polarization levels shown in the last column
in the table.

3-axis vibration of 0.20¢2 /Hz, each axis at 2.0 minutes duration. The I-V curve
of the diode was verified before and throughout the entire environmental test.
These encouraging test results indicate that the horn antenna array with diodes

as detectors can be constructed in an airborne imaging system or on a satellite.

Antenna patterns were also measured for the antenna array using the beam-
lead diodes as detector elements [7]. Patterns were measured at frequencies of 75,
85, 95 and 105 GHz in the E-, H- and diagonal planes. Particularly, the E-plane
and H-plane patterns measured at 95 GHz are presented in Figure4.12, which
shows good agreement with the theoretical patterns. In the figure, the H-plane

pattern is smooth and does not show sidelobes, while the E-plane pattern shows
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sidelobes as predicted by the theory. As a summary, Figure4.13 lists the pattern
beamwidths and cross-polarization levels of the beam-lead-diode horn-antenna

array.
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Chapter 5

Back-to-Back Horn-Antenna-Mixer Array Designs

In millimeter-wave systems, because of their higher frequencies and complex-
ities compared with microwave systems, it is inevitable to simplify components
and to combine functions whenever possible. Traditionally, mixers are made
of mixing elements and wave-guide circuits, which are normally machined. At
shorter wavelengths, the wave-guide circuits become much smaller, making them
very expensive to build. However, quasi-optical components provide a solution
to this problem. The back-to-back quasi-optical horn-antenna-mixer arrays, pre-
sented in this thesis, combine monolithically the function of antennas and mixer
circuits into a single array. These types of circuits potentially can be mass pro-
duced by standard, integrated-circuit technology. Moreover, the integration of
the antenna and the mixer eliminates the need for RF and LO circuit-fashion
connections. Such construction offers the potential of smaller size, light weight,
ruggedness and reduced cost, as compared to conventional methods. The ap-
plications of this monolithic technique include imaging systems, radars, plasma

diagnostics and satellite communications.
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5.1 Horn Structure and Circuit Designs

A mixer, in principle, can be thought of as an ideal multiplier [1], illustrated
in Figure 5.1, which shows an ideal analog multiplier with two sinusoids applied
to it. The signal, with a carrier frequency ws and modulated by the information-
bearing function A(t), is applied to the RF port. The other one applied to the
LO port is an unmodulated sinusoid with a frequency of wp. Through some
simple trigonometry, the output is found to consist of modulated components
at the sum and difference frequencies. The sum frequency can be rejected by
the IF filter, leaving only the difference frequency. In a real mixer, the ideal
multiplier is replaced by non-linear devices, such as mixer-diodes or transistors.
However, these non-linear devices will not perform simple multiplication; they
generate many LO harmonics and mixing products other than the desired one.
Consequently, the desired output frequency component must be filtered out from

the resulting frequencies.

Multiplier

A(t) cos(wg - wp)t

Low-pass
/ \\\ filter

A(t) cos(wgt)

cos(wp t)

. A(t) cos(@gt) cos(@pt)=A(t) (5C08(@s - Wp)t+ L cos@g+ Dp)t)

Figure5.1 A mixer fundamentally acts as a multiplier; the difference frequency IF
comes from the multiplication of the sinusoids.
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In designing the quasi-optical antenna-mixer array, the first thing to be
considered is how to construct the RF and LO ports to couple RF and LO
signals into such an array, i.e., the construction of horn structures. One of the
simplest designs one can think of is to put a beam diplexer in front of the single-
side horn array so that the signal RF and LO can be combined before being
fed into the horn array (as shown in Figure1.2, Chapter1). Although this is a
simple and quick way based on existing fabrication techniques, it suffers from
the disadvantage of a 3dB loss in both the signal RF and LO power even before
mixing, because both beams pass through the beam diplexer. This 3dB loss
can be eliminated if RF and LO are fed in from each side of the horn array. As
Figure2.1 in Chapter 2 shows, that there is plenty of space between the single-
side horns, which can be used to make another set of horns for LO reception.
‘These horn arrays with two sets of horns facing back to each other are called

back-to-back horn antenna arrays.

One of the horn structure designs is a so-called coaxial back-to-back ar-
ray [2], which consists of a set of coaxial forward- and backward-looking horns
sharing the same membrane (Figure 5.2). The membrane and dipole probes are
placed where the horn width is approximately /2, the same as the single-side
horn array, but there is no closed pyramid forming the horn apex. This would
permit a very simple mixer design, as transmission lines would not be needed for
the RF and LO. One antenna probe on the same membrane could be designed for
both signal reception from the front and LO reception from the back. However,
calculations indicate that it is difficult to avoid significant coupling of the two
waves traveling in the opposite direction inside the horn, which would result in a
low aperture efficiency. To solve this problem, an inductive grid reflector could
be used, which consists of lines of metal strips on another membrane placed be-
hind the horn antenna to prevent the tunnelling. In such a design, two additional

membranes are required, one for the signal RF and one for the LO. The signals
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Figure 5.2 Coaxial back-to-back horn antenna array; the central membrane contains
antenna probes and the other two membranes with metal strips act as reflectors; one
of them will let the RF in but reflect the LO, and the other one will do the opposite.

RF and LO would use opposite polarizations to allow passage through the first
grid and to ensure reflection from the next. For the antenna probes, polarization-
duplexed probe elements can been used [3]. The signal would be received in the

horizontal polarization by a horizontal dipole and the LO applied with vertical
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IF V To the coaxial line

Figure 5.8 Mixer circuit design for coaxial back-to-back horn array; signal RF and LO
are cross-polarized; IF is led out from the central tap.

polarization and received by a vertical monopole. This three-membrane-wafer
design has the advantage that signal RF and LO transmission lines would not be
required. Fabrication would be a straightforward extension of single-side horn
array-making procedures; the structure is modular and the reflector membranes
and grids would not have to be re-fabricated for each new device. The disadvan-
tage is that this configuration is a departure from the standard horn geometry
whose efficiency has been optimized. Nevertheless, one of the mixer designs for
this array configuration is given in Figure5.3; it is a balanced fundamentally
pumped mixer consisting of two diodes in series with a center tap for the IF

lead.
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The horn configuration that has been designed for the antenna-mixer array
is one called displaced, back-to-back horn array. This design, shown in Fig-
ure 5.4, consists of a set of forward- and backward-looking horns sharing the
same membrane wafer. The front side is used to receive the signal RF, and the
back side is used for the LO. Both RF and LO are picked up by antenna probes
on the silicon-oxynitride membrane inside the horns and then fed down to mono-
lithic transmission lines on the membrane surface, to be combined in a mixer
located on the membrane in the horns. The advantages of this configuration
are in avoiding the 3 dB loss of a beam diplexer, and keeping the original horn

geometry with optimal aperture efficiency.

For a fundamentally pumped mixer, the frequencies of RF and LO have only
a small difference, which means the sizes of the RF and LO horn openings can
be made about the same, about one wavelength. The horns will look the same
from either the RF side or the LO side as shown in Figure5.5, except that LO
horns have a small section of protrusion on the sidewalls as shown in Figureb 4,
and that the antenna probes used for the signal RF could be different from those
for the LO. The protrusion caused by the membrane wafer W3 results in the
unsmoothed sidewalls in the LO horns. The reason for this is that the etchant,
EDP, etches the (100) silicon wafer, resulting in convergent, pyramidal-shaped
sidewalls; if the LO horn sidewall is to be made smooth, a portion of the silicon
underneath the membrane would need to be etched off, which is difficult to do,
but possible. To avoid such a difficulty, the membrane wafer is etched from only
one side, and the unsmoothed LO sidewall is considered to be tolerable, because
the LO power, in most cases, can be increased to overcome the effect of such
imperfect horns. Figure5.6 shows the antenna probe design for the RF and LO
horns of a fundamentally pumped antenna-mixer array, selected from several
possible designs. It is a single balanced mixer, which is quite desirable, because

the AM noise contained in the LO signal does not in principle appear in the IF
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Silicon oxynitride
membrane

LO

Membrane wafer

Monopole probe

Figure 5.4 The displaced back-to-back horn-antenna array design consists of a set of
forward- and backward-looking horns sharing the same membrane wafer.
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output if the diode pair being used ideally matched to each other [4]. The mixer
circuit consists of a folded-dipole RF probe driving the mixer diodes in series. If
each diode has a resistance of 100, then it would require the folded dipole to
have a resonant resistance of 200 Q, which is fairly easy to achieve for these kinds

of probes. A split-folded monopole is used as the LO probe driving the diodes in

Detector Dipole probe Filter Membrane fHorn
| | | f

—

I
PN
NG

%
.
I,

\))’\\\

-
%

NANNNARNRNANNN
NN NRLOLDLLHNLNS

NN NNDDLDD)
NN NIV Y

AN ANAANNNANN

T,
2%
A
%

TN
CNAUNNNRN
NN NN NN NN
DN ANANKANIN
NN NNNOONDIHDHIEDY

NN

s,
UNSONANNN
NN

AN
/87 NN

AN NN DN N
OSSN SSSANANAAA NN AN
N N N N OB EDDEDINDY
\

RCCARNIG
NI
-,
-,
N
N

Figure 5.5 The displaced, back-to-back, horn-antenna-mixer array looking from the
RF side is the same as looking from the LO side, except that LO horns have a small

section of protrusion on the sidewalls as shown in Figure 5.4,
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IF output

Figure 5.6 The mixer circuit design for the displaced, back-to-back, horn antenna
array; a folded dipole is used for the RF signal and a split-folded monopole for the LO;
the IF signal is led out through a long strip in the center of the LO membrane.
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Figure 5.7 An equivalent circuit of the mixer design for the displaced back-to-back

horn antenna array.

parallel and leading the IF out through the long split probe across the LO horn
membrane. Since RF and LO are fed in from the opposite side of the array and
are cross-polarized, this will significantly reduce their interference before mixing.
The main advantage of the mixer circuit design is the ability to remove the IF
signal without disturbing the balance of the RF and LO probes; furthermore, it
removes the need for low-pass filters in the IF signal path. Figure 5.7 shows an

equivalent circuit of such a mixer circuit design.

5.2 Subharmonically Pumped Mixer Designs

In millimeter-wave systems, as the operation frequency is increased, a di-
rect supply of fundamental LO becomes increasingly more inconvenient, more
difficult and more costly. A subharmonically pumped mixer provides a suitable
solution. Such a mixer usually shows a poorer conversion loss than its funda-
mental counterpart. However, certain circuit designs can enhance its efficiency;

for example, a back-to-back pair of diodes can be made to conduct twice per LO
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cycle, and thus can function nearly as well as a conventional mixer with twice

the LO frequency [5]. Since the RF and LO frequencies differ by approximately

a factor of two, the filters to separate RF and LO are much easier to realize.

Moreover, the subharmonically-pumped balanced mixer also rejects spurious re-

sponses associated with the odd harmonics of the LO.

diode pairs

ilability of the mixer

For the reasons stated above plus the ava
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Figure 5.8 View of the horn structure of a subharmonically pumped mixer design, one

LO horn corresponding to two RF horns.
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Figure 5.9 The mixer circuit design of the a subharmonically-pumped mixer design
with one LO horn corresponding to two RF horns.

For the horn configuration, the so-called “displaced, back-to-back horn antenna
array” is used. Now, since the size of the LO horns should be twice that of the
RF horns, there is not enough room to put so many LO horns such that each
RF horn can have a corresponding LO horn. In order to solve this problem,
every two or every four RF horns will be provided with one LO horn, which is
made of a rectangular horn instead of a square-opening horn. Since the cutoff
frequency is determined by the dimension of the longer side of the rectangle,
the dipole probes need to be put perpendicular to the longer side, making the
dipole probes much shorter than a half wavelength, resulting in a capacitive

characteristic impedance. This effect needs to be compensated for. F igure 5.8
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shows a horn structure with every two RF horns corresponding to one LO horn,
and a possible mixer circuit design is present in Figure 5.9. This configuration is
simple and easy to build. But the shortcoming of the design is that it does not
keep the symmetry between RF and LO horns, and the IF signal is difficult to

take out.

In modifying the horn-structure design described above, every four RF horns
are provided with one LO horn, which is still kept as a rectangular-shaped horn.
By using the sub-array concept, every four RF horns can be taken as a sub-array;
the four RF horns, together with one LO horn, form a unit cell. This design
will keep the best symmetry, and the beam patterns of the sub-array will be
improved by a factor of 4 compared with that of the single RF horn. Since the
size of the LO horns should be twice that of the RF horns, half of the area on the
LO side in each unit cell would be left unused. This would cause strong reflection
from the flat surface, namely, a 3 dB reflection loss. In order to eliminate this
3 dB reflection loss, a structure is designed to be placed on the top of the LO
horns. The structure has a long trough on each row of the LO horns and will
fill up the space between the LO horns to converge the incoming power into the
LO horns. Figure5.10 and Figure5.11 show the horn-antenna-mixer array with
4x4 LO horns looking from the LO side and 8x8 RF horns looking from the RF
side. The mixer circuit design is shown in Figure12. Every monopole from each
of the four RF horns will couple the RF signal down to the LO horn through a
coplanar-strip transmission line. A dipole probe is employed to receive the LO.
The beam-lead diodes are located in the center of the LO membrane, and the
IF is led out from the ends of the LO horn. The dipole probe is loaded on the
ends near the sidewalls with a short stub, which, as a result, could compensate

for the capacitive characteristic impedance of the short dipole probe.
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Figure 5.10 View of the LO horn structure of the subharmonically pumped mixer

design with one LLO horn corresponding to four RF horns; the trough made of two

silicon wafers is put on the top of the horns to eliminate the strong reflection from the

flat surface.
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Figure5.11 View of the RF horns of the subharmonically pumped mixer design;
monopoles are used for the RF reception.
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Loaded dipole probe

Diodes

Figure 5.12 The mixer circuit design for a unit cell; four monopoles for the RF recep-
tion and one dipole for the LO reception; both R and LO are detected by the mixer
diodes located in the center of the unit cell; IF is led out from the ends of the LO horn
through a coplanar-strip transmission line.
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5.3 Modeling of the Antenna Probes inside the Horns

Since the quasi-optical antenna-mixer array combines antennas and mixer
circuits into a single entity, the design requires consideration of the impedance
matching, conversion loss and frequency response in addition to the horn antenna
configurations. The antenna probes are required not only to couple the free space
wave to the mixer diodes but also to provide a suitable impedance, the embedding
impedance, to the mixer diodes. This impedance over a wide frequency range
is important on the mixer performance because various frequency components
exist in the mixer circuits[6]. In order to achieve an impedance-matched mixer

array, the properties of the antenna probes inside the horns have to be studied.

The impedances of various probes were measured in low-frequency modelled-
horns, which were made of two different types. One type was a 3x3 array (as
shown in Figure 2.2) made of aluminum, and the other type was a half horn made
of copper foil sitting on a big copper-clad circuit board that was used as an image
plane (Figure 5.13). The half horn on a big ground plane was used in order to
eliminate difficulties in modeling the transmission line normally used to feed the
dipole in a full horn. These two types of modelled horns were used alternatively,
depending on the feed location of the probe inside the horn. The horn opening is
1), and the probe is placed inside the horn at about 0.37 A away from the apex.
The probe element was éoldered to an SMA bulkhead feed-through, which was
in turn soldered to the copper surface of the image plane. The thickness of the
copper foil being used to make probes is about 0.13mm and the width of the
probe is about 1.0 mm. Measurements were done on an HP 8720 or an HP 8510
Network Analyzer, which was calibrated to the end of the test-set cable, using
coax standards. The electrical-delay feature was used to remove effectively the
line between the test-set cable and the probes. This was done by shorting the
probes at the wall of the horn and increasing the electrical delay until the display
appeared to be a short on the Smith chart. The impedance of the short varied
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Coaxial cable to network analyzer

Figure 5.13 The half horn was built on a big ground plane in order to eliminate the
difficulties in modeling the transmission line normally used to feed the dipole in a full
horn. In this example, a half folded-dipole was built in a half horn.

by less than 2 Q2 over a wide frequency-sweep range of 6 GHz.

The measured probe impedances being plotted on the Smith chart are illus-
trated in figures from Figure5.14 to Figure5.17, with the probe configurations
on the top of each Smith chart. All these measurements illustrated in the Smith
charts are measured over a range of frequencies for each particular probe, and
only those impedances of the probes at the design frequency are marked on the
Smith charts. Figure5.14 shows a monopole being put into a full horn. In the
Smith chart, the impedances are plotted as a function of the monopole-probe
length. The resonant resistance of 16 ) is achieved at the monopole length of
0.22). In comparison, the resonant resistance of a short, lossless monopole
over a big ground plane in the free space is 259 at the monopole length of
0.25A. Figure5.15 shows that a folded monopole is put into a full horn, with
one leg attached to the coax-center-conductor and the other leg grounded to the

horn sidewall. The impedances in the Smith chart are plotted as a function of
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the monopole-probe length. The resonant resistance of 50 is obtained at the
monopole-probe length of 0.19 A\. This resistance matches the impedance of two
mixer diodes connected in antiparallel; hence, this folded monopole is suitable
for the LO reception in the fundamentally pumped, antenna-mixer array illus-
trated in Figure 5.6, in which the folded monopole is a split version. In the free
space, however, the resonant resistance of a short, lossless, folded monopole over
a big ground plane is about 100 at the folded-monopole-probe length of 0.25 ).
Figure 5.16 shows that a half dipole is built in a half horn. The impedances in
the Smith chart are plotted as a function of the half-dipole length. The resonant
resistance is 252 at the half-dipole length of 0.20 A. Since the voltage across the
half dipole in the half horn is half that in a full horn, the measured impedances
are only half of the actual impedances; therefore, for a dipole in a full horn, the
resonant resistance is 502 at the full-dipole length of 0.40 A. This is the same
result as was obtained in the full-horn modelling work described in Chapter 2.
This dipole probe also provides a very good matching impedance for the mixer
diodes pairs. In comparison, the resonant resistance of a short, lossless dipole
in the free space is about 502 at the dipole-probe length of 0.50 \. Figure5.17
shows a half folded-dipole in a half horn. The impedances in the Smith chart
are plotted as a function of the half-dipole-probe length. The resonant resis-
tance of 682 is obtained at the half-dipole-probe length of 0.18 \. For the same
reason stated above, the resonant resistance of a full folded-dipole in a full horn
would be 136} at the full-folded-dipole length of 0.36 A, compared with 200 Q
of a short, lossless folded dipole in the free space. This folded-dipole imped-
ance in the horn needs to be transformed to be about 200 in order to be used
as an RF reception element in the fundamentally pumped antenna-mixer-array

design (Figure 5.6).

Dipole probes in a rectangular horn, to be used for LO reception in the

subharmonically pumped antenna-mixer-array, were also modelled and tested.
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These dipole probes were loaded with a short stub on the end near the horn side-
wall, which could compensate for the capacitive characteristic impedance of the
shorter dipole probe. The half-dipole-probe length is about 0.11 A, determined
by the height of the rectangular horn. Figure 5.18 shows a half loaded-dipole
in a half rectangular-horn. The impedances in the Smith chart are plotted as
a function of the loading-stub length d. The measurement is done at 5.0 GHz.
The resonant resistance of 18 Q is achieved at the loading-stub length of 0.08 A,
which corresponds to 36 €2 for a full loaded-dipole in a full horn. In Figure5.19, it
is a half loaded-folded-dipole in a half rectangular-horn. The impedances in the
Smith chart are plotted as a function of the loading-stub length d, also measured
at 5.0 GHz. The resonant resistance of 542, or 108 2 for a full loaded-folded-
dipole, is obtained at the loading-stub length of 0.12 A. This probe could provide
a suitable matching impedance for single-diode mixers. Figure 5.20 shows the im-
pedances in the Smith chart plotted as a function of the frequency for the same
probe design as shown in Figure 5.18, but this time, the loading-stub length is
fixed at the resonant length of 0.08 A at the design frequency of 5.0 GHz. This
plot shows how the probe impedance changes over a wide-frequency range beyond

the design frequency.

All these impedance measurements indicate that the presence of the horn in-
creases the effective length of the probe element, which basically agreed well with
the millimeter-wave aperture efficiency measurements presented in Chapter4, in
which a dipole probe was used as an antenna element. They also indicate that
the resonant frequencies can be controlled by loading the probes and that reso-
nant resistances can be increased to a reasonable matching range by folding the
probes. These modelling measurements provide very useful options in choosing
reception-probe elements in the design of the quasi-optical horn-antenna-mixer

arrays.
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] b

Figure 5.14 A monopole in a full horn; the impedances in the Smith chart are plotted
as a function of the monopole length, measured at 4.9 GHz; the resonant resistance is
16  at the monopole length of 0.22 \.
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Figure 5.15 A folded monopole in a full horn; the impedances in the Smith chart are
plotted as a function of the monopole-probe length, measured at 4.9 GHz; the resonant
resistance is 50 (2 at the probe length of 0.19 .
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Figure 5.16 A half dipole in a half horn; the impedances in the Smith chart are plotted
as a function of the half-dipole length, measured at 4.9 GHz; the resonant resistance is
254} at the half-dipole length of 0.20 A.



93

051

Ground plane

77 0

Figure 5.17 A half folded-dipole in a half horn; the impedances in the Smith chart
are plotted as a function of the half-dipole length, measured at 4.9 GHz; the resonant
resistance is 68 {2 at the half-dipole length of 0.18 \.
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Figure 5.18 A half loaded-dipole in a half rectangular-horn; the impedances in the
Smith chart are plotted as a function of the loading-stub length d, measured at 5.0 GHz;
the resonant resistance is 18 2 at the loading-stub length of 0.08 \.
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Figure 5.19 A half loaded-folded-dipole in a half rectangular-horn; the impedances in
the Smith chart are plotted as a function of the loading-stub length d, measured at
5.0 GHz; the resonant resistance is 54 Q at the loading-stub length of 0.12 A.
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Figure 5.20 A half loaded-dipole in a half rectangular-horn; the loading-stub length
d is fixed to 0.08 \; the impedances in the Smith chart are plotted as a function of
the frequency, swept from 2.0 to 8.0 GHz; the resonant resistance is 18 at the design

frequency of 5.0 GHz.
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Chapter 6

Back-to-Back Horn-Antenna-Mixer Array Measurements

For millimeter-wave mixers, it is usually expensive and inconvenient to gen-
erate an LO power at a frequency close to RF. A subharmonically pumped mixer,
however, is pumped at about only half the RF frequency, which mixes the RF
signal with the second harmonic of the LO frequency. The performance of the
mixer is comparable to fundamentally pumped mixers. Since the RF and the
LO frequencies differ by approximately a factor of two, in principle, it is eas-
ier to realize the isolation between the RF and the LO. Furthermore, spurious
responses associated with the odd harmonics of the LO can be rejected by us-
ing an antiparallel diode pair. Among the designs of the antenna-mixer arrays
presented in Chapter5, the subharmonically pumped horn-antenna-mixer array
shown in Figures5.10, 5.11, 5.12 has been constructed and tested on a scaled
model sub-array, which consists of four RF horns and one LO horn. The gain
of such a sub-array will be increased by a factor of 4 compared with a single
horn. Based on this scaled model sub-array, antenna impedances and receiving
patterns were measured. Additionally, various mixer circuits have been tested
in order to achieve better isolation between the RF and the LO, as well as to
match the impedances of the RF and the LO to the diode impedance. Trade-off
has been made among the impedance match and the isolation between the RF

and the LO so as to minimize losses.
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6.1 Antenna-Mixer Sub-Array

In the subharmonically pumped horn-antenna-mixer array shown in Fig-
ures 5.10, 5.11, 5.12, every four RF horns can be taken as a sub-array. The four
RF horns, together with one LO horn, form a unit-cell, which has been con-
structed using scaled-model horns made of copper foil. The unit-cell consists of
two square RF horns and a half rectangular LO horn sitting on a big copper-clad
circuit board, which was used as an image plane (Figure 6.1). The circuit board
is as big as 10 A long on each side of the horns and the total width of the board
is 10 Apo. Looking from RF side, it seems that there are four RF horns, but as a
matter of fact, the lower two horns are the image of the top two real RF horns.
Similarly, the half LO horn looks like a full horn from LO side. The monopole
built in each of the four RF horns will couple the incoming signals to the loaded
dipole in the LO horn through the coplanar-strip transmission line. A small
channel in the middle of the horns will let the monopole probes go through be-
tween the LO and RF horns. The design frequency for the RF is 10 GHz and the
LO is 5 GHz, corresponding to the wavelength of 3cm and 6 cm, respectively.
The opening of RF horns is 1 Agp square, while the height of the LO horn is
ALo/2, and the LO horn width is 1 Apo. Mixer diodes are to be placed in the
center of the dipole probe in the LO horn(as shown in Figure5.12). An SMA
bulkhead feed-through connector is soldered from the back of the circuit board
to the place where the diodes are supposed to be. The inner conductor of the
connector is soldered to the dipole probe, and the outside conductor is soldered

to the circuit board used as a ground plane.

Measurements were done on an HP 8510 Network Analyzer and data were
collected by a PC computer. Full two-port calibration was made in order to
measure not only the reflection coefficients but also the receiving properties and
the isolation between the RF port and LO port. Similarly to the calibration

in the probe modelling measurements, the network analyzer was calibrated to
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Figure 6.1 The modelled antenna-mixer-array unit-cell, looking from RF side (a) and

looking from LO side (b).

b

(
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Figure 6.2 The test setup for the modelled antenna-mixer sub-array. The measure-
ments were done on an HP 8510 Network Analyzer; the data were collected by a PC
computer; a broad-band horn antenna was used to test the power receptions.
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the ends of the test-set cable using coax standards. The electrical-delay feature
was used to remove effectively the extra line of the connector between the test-
set cable and the mixer circuit. The impedance of the calibration short varied
by less than 2§ over a frequency-sweep range from 2GHz to 12GHz. The
measurement setup is shown in Figure6.2. Beside the measurements of the
impedances (from S); parameter), the power receptions were also measured by
measuring the transmission coefficient Si2, using a broad-band horn antenna as

a transmitting horn that has a working frequency range from 2 GHz to 18 GHz.

6.2 Antenna-Mixer Sub-Array Measurements

To start with, a simple mixer-circuit design is used, shown in Figure6.3.
The reason for the membrane pattern in Figure6.3 to be a little different from
the one shown in Figure5.12 is that a membrane, patterned by a mask with too
many corners, breaks more easily when it is etched. Therefore, in this design,
the pattern on the membrane wafer is made in such a way that the walls between
the RF and LO horns are completely removed, resulting in smoother transitions
between the horns. The shape of each unit-cell on the membrane wafer looks
like a big “I,” so it is called the “big ‘I’ design.” The measured impedances
are marked on the Smith chart in Figure6.4. Although the impedances were
measured on only a half unit-cell, consisting of two RF horns and a half LO
horn, the impedances in a full unit-cell can be easily obtained by doubling those
measured impedances in the half unit-cell. The impedances in Figure 6.4, as well
as in the other following Smith charts, have been doubled and plotted by using
Puff, a software CAD program[1]. Both the RF and the LO impedance should
be matched to 50 ) because each beam-lead diode in the antiparallel diode pair

has a resistance of about 100 §2.

In Figure 6.4, when the loading stub on the dipole decreases in length, the

LO impedance at 5 GHz changes from the inductive to the capacitive impedance,
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passing the resonant resistance at about 502, which is a very good matching
impedance for the diode pair. This LO impedance of the circuit can be regarded
as the LO dipole-probe impedance parallel with the impedance of the coplanar
transmission line plus the RF probes. At 5 GHz, the impedance of the coplanar
transmission line plus the RF probes is very high as is illustrated by the LO
frequency mark “5” when the entire LO dipole probe is taken away. Hence,
the resonant LO impedance is mainly determined by the loaded dipole probe
and is relative independent of rest of the circuits. On the other hand, the RF
impedances at 10 GHz are pretty high and independent of the loading-stub length
changes. The average value of those RF impedances at 10 GHz is about 84 4
782Q. Figure6.5 shows that the mixer circuit impedances are plotted on the
Smith chart as a function of the sweeping frequency, from 2.0 to 12.0 GHz, with
the loading-stub length d being fixed at 0.08 ALo. The plot indicates that the
impedances are quite high at high frequencies, which is to be investigated and

discussed further in Section 6.3.

The normal-incident power receptions by the RF and the LO horns were
tested over a wide frequency range, from 2.0 GHz to 12.0 GHz. This was done
by putting a wide-band transmitting horn (connected to port 2 of the network
analyzer) in the front side of the RF horns or the LO horn at about 30 cm away
and measuring the S, parameter. Figure6.6 shows the measured power received
by the RF horns when the transmitting horn is in the front side of them (solid
line) and by the LO horn when the transmitting is in the front side of it (dashed
line). At the LO frequency of 5 GHz, the difference between the LO and the RF
power is defined as the LO-RF isolation. From the point of view of eliminating
the losses, the higher isolation, the lower the coupling loss will be, under the
condition that other parameters stay the same. For example, the 13dB LO-RF
isolation shown in the graph indicates that 5% of the received LO power will

re-radiate through the RF horns; if the LO-RF isolation was 20dB, then the
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P=1.0 Agp
L1=0.26 Agp
L=0.40 Agg
D=0.111,,
d: varies

Mixer diode position

Figure 6.3 One of the mixer circuit designs for the sub-array; monopoles for the RF
reception and a dipole for the LO; IF is led out from the two ends.

m [.Oat 5GHz
¢ RF at 10GHz

1:d=0.124;,
2:d=0.084;
3:d=0.064;,
4:d=0.024;5
5:d=0.00
D=0.00

/
{ R

vl

Figure 6.4 The circuit impedances indicated on the Smith chart with respect to the
different loading-stub length d; measured at 10 GHz for the RF and 5 GHz for the LO.
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P=1.0 Az
L1=0.26 Agp
To SMA connector ~ L=0.40 Agg
D=0.114;,
d=0.084;5

Start 2.0GHz
Stop 12.0 GHz

Figure 6.5 The same circuit design as the one in Figure 6.3, but the loading-stub length
d is fixed at 0.08 Ap,o; circuit impedances are plotted on the Smith chart as a function
of the sweeping frequency from 2.0 to 12.0 GHz.
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Figure 6.6 Measured normal-incident power, received by the RF horns (solid line) and
by the LO horn (dashed line). The distances in the two measurements are equal.

loss would be only 1%. Similarly, the RF-LO isolation is the power difference
between RF and LO at the RF frequency of 10 GHz. The measured RF-LO
isolation is 6 dB or a 25% loss, which is pretty high. The reason for the loss
caused by the LO-RF coupling to be relative low is that the frequency of the LO
is below the cutoff frequency in the RF horns. On the other hand, RF power
will propagate easily in the LO horns represented by higher modes. The RF-LO
isolation should be increased to reduce the coupling loss, which will be discussed

further in Section 6.4.

Patterns in the H-plane were measured on both the RF horns and the LO
horn. The RF horn sub-array can be considered as a linear array, and the pattern

1s a multiplication of the single RF horn [2]. Theoretical patterns of the sub-array
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can be obtained by multiplying the theoretical pattern of a single horn [3] with
an array function. For a uniform, one-dimensional array, spaced by a distance d,
excited with the same constant amplitude I, the array function can be written

as the following

1 i(N/2)(atko cos w)a SIR{[(N +1)/2](a 4 ko cos b )d}
o= Lot sin[(a + ko cos)d/2] (6-1)

where N is the number of elements, « is the phase-change factor from element
to element, kg = 2w /X and ¢ is the incident angle. Measured H-plane patterns
of RF at 5 GHz and of LO at 10 GHz were shown in Figure 6.7, together with the
RF theoretical pattern. The LO pattern shows no sidelobes and the RF pattern
agrees well with the theory. But the sidelobes of the RF horn are quite high,
which comes from the wide flair angle of the RF horns bounded by the (111)
crystal planes. If high-gain, step-profiled horns[4] are utilized, the sidelobes

would be reduced tremendously.

6.3 Antenna Impedance Analysis

To summarize the measurements of the circuit configuration shown in Fig-
ure 6.3, the best matched LO impedance of about 50€) has been achieved and
the LO-RF isolation is 13dB. Of the four concerned parameters, namely, RF
impedance, LO impedance, RF-LO isolation and LO-RF isolation, there are still
two parameters that need to be improved or understood. This section will em-
phasize the RF impedance analysis, and Section 6.4 will address the issue of the

RF-LO isolation.

In order to simplify the problem, the LO dipole probe is removed, shown in
Figure 6.8 together with the measured impedances marked in the Smith chart. As
long as the measured impedance of the circuit configuration at the LO frequency
stays high; then, the actual LO impedance with the LO probe in position will

not be affected because the LO dipole probe has a low resonant impedance
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parallelled with the rest of the circuit. On the other hand, the dipole probe in
a rectangular horn has a very high impedance (Figure 5.20) at high frequencies;
therefore, removing the LO probe will have little effect on the RF impedance.
The measured results show that the RF impedance does not go down when the
spacing of the RF probes is changed, and the RF-LO isolation has not been
improved either. In another attempt, the portion of coplanar strips used for
IF leads has been removed (the top part in Figure6.9), since the coplanar-strip
transmission line used to be shorted at each end, which could be a big load at
the RF frequency, causing the high RF impedances. To verify this assumption,
the circuit design in Figure 6.9 has been measured and impedances are marked
on the Smith chart. The RF impedance goes from inductive to capacitive as the
RF probe decreases, but the resonant impedance is still not satisfactory low. In
analyzing all these measurement results, which include the results in Figures 6.9,
6.8, 6.5, 6.4 and Figure 5.14, it is believed that the high RF impedance is caused
by the effect of the long RF monopole probes (L + L; > 0.22); see Figure 5.14).
For this particular sub-array design, the RF impedance will not decrease to the
desirable value unless the total length of the monopole probe is greatly reduced,
which is impossible to do. If the RF probe is too short, then there will not be
any coupling elements for the RF power reception. To understand this, the RF
power reception versus various monopole probe lengths has been measured and
1s shown in Figure6.10. The RF horns have maximum power reception when
the probe length is about 0.3~0.4Agrp. This means that the total RF probe
length L + L, is in the range of 0.5~0.6Agp. One of the trade-offs in this simple
circuit design is between the better RF matching impedance and receiving the

RF power at all.
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P: varies
L1=0.26 Agp
L=0.50 Agg
D=0.114;,
d=0.08 1;

To SMA connector

m LOat 5GHz
e RF at 10GHz

1:P=1.04,
2P=094p
3:P=084;,
\\\\\\ ‘ 4:P=0.7 45

"""" 5:P=0.61;,

Figure 6.8 The LO dipole probe being removed; the circuit impedances are marked on
the Smith chart as a function of the distance P between the two RF monopole probes.
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Figure 6.9 The segments for the IF leads being removed; the circuit impedances are
marked on the Smith chart as a function of the length L of the RF monopole probes.
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6.4 RF-LO Isolation

As was shown in Figure6.6, the RF-LO isolation is only 6dB, resulting in
25 % of the received RF power re-radiating from the LO horn. This is because
the RF probes appear in the LO horn(see Figure6.1), and these segments of
the RF probes re-radiate the received RF power through the LO horn. To avoid
such a re-radiation, the segments of the RF probes in the LO horn are moved
close to the LO horn sidewalls where the tangential electric field is the mini-
mum (Figure6.11). On the other hand, in order to control the way higher modes
are being excited, the LO probe is split into two identical ones. By changing the
spacing P; between the two LO probes, fields at certain frequencies will cancel
and produce no radiation. This circuit configuration is called the “split-LO-
probe design” in distinguishing it from the “simple-probe design” (Figure6.3).
The measured impedances over a range of frequencies as well as the circuit de-
sign are shown in Figure6.11. At the LO frequency of 4.5 GHz, the impedance is
close to 50 2, but at the RF frequency of 9.5 GHz, the impedance is still too high,
78 + 71782. Nevertheless, the RF-LO isolation has been improved from 6 dB
up to 20dB, shown in Figure6.12. While the LO-RF isolation is 14 dB, which
is about the same as the simple-probe design (Figure 6.6). In the split-LO-probe
design, IF frequency is chosen to be 0.5 GHz.

In comparison to the simple-probe design and the split-LO-probe design,
the impedance-mismatch losses and the coupling losses of the two designs are
listed in the table in Figure6.13. The impedance-mismatch losses are calculated

using
4R4R,

L = 2
(7 +X3)

(6.2)

where Ry is the diode-pair resistance; R, is the probe resistance; R, is the sum of
the diode and the probe resistance; and X, is the probe-reactive impedance. For

both designs, the biggest loss comes from the RF-impedance mismatch, 1.7dB
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Figure 6.11 The split-LO-probe design; segments of the RF probes in the LO horn
are moved close to the LO horn sidewalls; the circuit impedances are plotted on the
Smith chart as a function of the sweeping frequencies.
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by the RF horns(solid line) and by the LO horn(dashed line). The distances in the
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for the simple probe and 4.9dB for the split-LO-probe. One way to reduce
the RF-mismatch loss is to use the lower side-band as the RF frequency. For
example, in the split-LO-probe design, if the signal-image frequency 8.5 GHz

Loss component Simple-probe design Split-LO-probe design
RF mismatch, dB 1.7 4.9
LO mismatch, dB 0.0 0.2
RF-LO coupling, dB 1.3 0.0
LO-RF coupling, dB 0.2 0.2

Figure 6.13 Summary and comparison of the impedance-mismatch losses and the cou-
pling losses between the two different mixer circuit designs.
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is used for the RF rather than the 9.5 GHz, then the RF impedance would be
43 + 383, and the impedance-mismatch loss would be reduced from 4.9dB to
2.6 dB, which also means that the total RF loss is 2.6 dB.

The E-plane and H-plane patterns were measured on this split-LO-probe
design. Notice that H-plane patterns are the full scan measurements from —90°
to 90°, while the E-plane patterns are measured only from 0° to 90°, and then
they are symmetrically flipped over to the other half plane. Figure 6.14 shows the
patterns measured on the RF horns at the 9.5 GHz. Both E-plane and H-plane
patterns agree reasonably well with the theory. The relatively wider E-plane
pattern is caused possibly by the reflections of the ground plane. Patterns of the
LO horn are shown in Figure 15. The H-plane pattern whose 3-dB beam width
is about 50°, is smooth. The E-plane pattern, on the other hand, is very wide.
This is not surprising, because the smaller opening horn does have broader beam

patterns, as the theory predicted, plus the effect of the ground-plane reflections.

In conclusion, to reduce the losses in the subharmonically pumped back-
to-back, horn-antenna-mixer array, compromises have to be made between the
RF-impedance mismatch, the LO—impédance mismatch and the RF-LO coupling
losses. In certain applications, if some LO loss is tolerable, then lower RF loss
can be achieved (which means lower conversion loss) by sacrificing certain LO
impedance-mismatch losses and LO-RF coupling losses. The antenna-mixer ar-
ray designs presented here and in Chapter 5 not only can be used in millimeter-
wave frequencies, but also may be used in submillimeter-wave frequencies, and
even up to terahertz[5]. In those cases, the mixer elements could be either

Schottky diodes [6] or superconducting SIS mixers [7,8].
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Figure 6.14 The RF horn patterns at 9.5 GHz of the split-LO-probe design; the E-
plane pattern (a) and the H-plane pattern (b).
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Chapter 7

Future Work in Integrated-Circuit Imaging Arrays

In this thesis, efficiencies of the millimeter-wave, integrated-circuit, horn
antenna imaging array made on silicon have been studied and optimized, which
makes the array very competitive with machined-horn antennas. Meanwhile,
fabrication procedures of the horn array have been improved and are more ma-
ture. Designs and modelling of the novel, integrated-circuit, back-to-back, horn-
antenna-mixer array have been presented. The antenna-mixer array combines
the function of antennas and mixer circuits monolithically into a single array.
Signals of RF and the local oscillator are coupled to the antenna-mixer array
from both sides of the array by using quasi-optical techniques. These types of
devices potentially can be mass-produced by standard, integrated-circuit tech-
nology. These designs can be used in millimeter-wave frequencies, as well as up to
terahertz frequencies [1,2]. They will find useful applications in the area of imag-
ing systems, remote sensing, and plasma diagnostics in addition to more tradi-
tional ones in radar and communications. The progress of the back-to-back horn-
antenna-mixer array developments and the antenna efficiency improvements have

opened opportunities for quite a few new and interesting research projects.
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7.1 Coaxial Transmission Lines in Silicon

In the back-to-back antenna-mixer array(Chapter6), the coplanar-strip
transmission line in the LO horn has been shorted on both ends in simulat-
ing the transmission line being sandwiched by two conducting silicon wafers,
which provide the RF and the LO isolation from the IF. Such a design is valid
for IF in the range of megahertz or lower frequencies. In the millimeterwaves or
submillimeterwaves, however, the IF frequency in a mixer is usually in the order
of gigahertz or higher, which requires a suitable IF transmission line working at
these frequencies. One way to do this as proposed here is to build a symmetrical,

coaxial line in the high-conducting silicon (Figure7.1). A very thin membrane

Evaporated metal line

Silicon Oxynitride membrane —

% A DK%, J-«—— Membrane wafer

Figure 7.1 Coaxial transmission lines designed in silicon.
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70.5°

Figure 7.2 Diamond-shaped coaxial-transmission lines in silicon.
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Figure 7.3 Calculated impedances of the diamond-shaped, coaxial-transmission lines
versus the strip width.
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wafer sandwiched by two other wafers with etched grooves forms a coaxial line.
The surrounding walls of the coaxial line will be coated with gold to make them
a good conductor. Practically, the coaxial transmission line will look more like
the one in Figure 7.2, in which the coaxial line is diamond-shaped and etched
by the anisotropic etchant[3]. By changing the width of the evaporated metal
line, a range of transmission-line impedances could be achieved. The impedances
of the diamond-shaped transmission line have been calculated by using a finite
element analysis program [4]. The results are shown in Figure 7.3, which cover
the impedance range from 302 to 150€. This range is considered to be very
suitable for the IF-impedance matching. Alternatively, a multiple-strip trans-
mission line can be made by coating many strips on a much wider membrane in
a single groove as shown in Figure7.4, in which every other strip is grounded.
The impedances, calculated by using the same program, are given in Figure7.5.
The achievable impedances are from 1202 to 160§. These transmission-line
designs could be very useful in millimeter-wave and submillimeter-wave applica-

tions when machined wave-guides are too difficult or too expensive to build.

7.2 Integrating Active Devices in the Array

In any mixers, the IF signal needs to be amplified and processed. Inte-
grating an IF amplifier into the horn-antenna-mixer array could lead to a very
attractive research project. It has demonstrated that beam-lead mixer diodes
have been successfully mounted on the membrane and have passed standard in-
dustrial environmental tests (Chapter 4). Hence, as a start, an MMIC amplifier
chip of the size smaller than 1x1mm? can be mounted on the membrane wafer.
However, as frequency goes higher into submillimeterwaves or even up to tera-
hertz frequencies, integrating hybrid devices into the array become inadequate.
In that case, the state-of-the-art mixer Schottky diodes[2] and millimeter-wave,

low-noise amplifiers [5] must be monolithically integrated into the horn-antenna-
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mixer array. This can be done by replacing the silicon membrane wafer by a
gallium arsenide or an indium phosphide wafer, which could be etched using
either reactive-ion etching [6] or a chemical-etching process[7] to produce horns
with smooth walls. This can also be done by growing an epitaxial layer of gal-
lium arsenide on the silicon membrane wafer [8]. On the membrane wafer, the
Schottky mixer-diodes and the amplifiers could be made first and then protected
before the horn-etching process. In addition to using advanced Schottky mixer
diodes in the antenna-mixer array, a superconducting SIS junction device could
also be integrated in the array as a mixing element to make a more sensi’éive,
low-noise mixer-array. The SIS device could be deposited lithographically on the
membrane suspended inside the horns. Membranes of size of 1.7x1.7mm? have

gone through thermal cycling from room temperature to a temperature as low

as 77°K and no deterioration in the membranes has been found.

In some other applications, communications in space programs, for example,
a horn antenna array integrated with amplifiers would be expected to work at
frequencies of 60 GHz or lower where transmissions will not be absorbed by the
oxygen in the atmosphere [9]. This requires the membrane size to be 2.5x2.5 mm?
or larger. In our laboratory, membranes with low residual stress of a size as large
as 13 x 13 mm? have been made, providing evidence that the horn antenna array
can also be scaled down to lower frequencies. Practically, the horn antenna array
can be designed and fabricated in frequencies down to 30 GHz with or without

amplifiers or mixer circuits.

Considering the state of the art in low-noise, HEMT amplifiers working up
to 100 GHz and the GaAs Schottky mixer diodes operating up to 1 THz, it should
be possible to combine the ideas outlined above and to design a high-efficiency,
back-to-back, horn-antenna-mixer array together with mixer diodes and IF am-
plifiers monolithically integrated in it, which can operate at a frequency of several

hundred gigahertz.
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