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Monolithic Millimeter-Wave Two-Dimensional 

Horn Imaging Arrays

Abstract

A new monolithic millimeter-wave two-dimensional horn imaging array is pre

sented. In this configuration, a dipole is suspended in an etched pyramidal cavity 

on a l-μm silicon-oxynitride membrane. This approach allows ample space for 

low-frequency interconnections, while still maintaining efficient diffraction-limited 

imaging. The fabrication procedure of the horn array and the deposition parameters 

of the membrane layer are presented in detail. The array is analysed rigorously, by 

approximating the horn antenna by a structure of multiple rectangular waveguide 

sections. Pattem measurements at 93 GHz and 242 GHz agree well with the the

ory. The results show that horn antennas with an opening between 1.0λ and 1.5λ 

have high aperture efficiencies and would match well appropriate imaging systems. 

Also, a new wideband log-periodic antennas is integrated on a thin membrane and 

tuned by a back plane reflector. The antenna patterns are measured at 167 GHz, 

370 GHz and 700 GHz, and the effect of the back-plane reflector is investigated at 

370 GHz.
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Chapter 1

Introduction

The frequency range of millimeter waves is defined as the region from 30 GHz 

to 300 GHz, while that of submillimeter waves is from 300 GHz to 3000 GHz. 

This corresponds to wavelengths between 10 mm and 0.1 mm. This region lies 

between the microwave and infrared spectra. It has shorter wavelengths and larger 

bandwidths than microwaves, and the millimeter-wave spectrum is less affected 

by atmospheric conditions than infrared radiation [1]. A millimeter-wave system 

could be considered as a hybrid between a microwave and an infrared system. The 

designer borrows ideas from both technologies to do a better job under specific 

conditions.

The shorter wavelengths of millimeter-waves allow the use of much smaller sys

tems than microwave counterparts. This is very important in military applications, 

where size and weight are of primary concern. It also provides narrower beamwidth 

and higher gain. This means greater resolution in tracking and imaging applica

tions. The large bandwidth allows the use of multi-frequency techniques (spread 

spectrum) in radars, and provides higher data rates in communication applications. 

The high frequencies of millimeter waves give larger doppler shifts for the same tar

get velocities. This is especially useful in radar and tracking applications [2,3]. The 

atmospheric attenuation of millimeter waves is relatively low in the transmission 

windows compared to the optical and infrared wavelengths. This is important for 

applications where rain, fog and smoke occur frequently.

The unavailability of high power sources and of sensitive and reliable room tem

perature detectors at submillimeter-wave frequencies, made this region unattrac

tive to military applications. However, it is still very useful as a scientific and 

academic analysis tool. In radio astronomy, measurements of molecular absorp
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tion lines that occur in this frequency band have provided considerable informa

tion on our universe [4]. In plasma diagnostics, measurements of electron density 

profiles and fluctuations have increased the understanding on controlled fusion ex

periments [5]. Submillimeter-wave receivers are being built by the Jet Propulsion 

Laboratory to study the mechanism of depletion of the earth ozone layer. Millime

ter and submillimeter-wave systems have also being used in biological and medical 

applications [6].

Components at millimeter wave frequencies are either small machined versions 

of microwave waveguide components such as horn antennas, directional couplers 

or waveguide detectors, or metalized antennas integrated on a thick dielectric sub

strate (Silicon, GaAs, Quartz) with their associated detectors and transmission 

lines. The waveguide components provide better power handling capabilities and 

better performance than the integrated-circuit components, but are very expensive 

to build, and their performance is not repeatable at submillimeter-wave frequencies. 

They are best suited for applications where a small number of elements is needed. 

On the other hand, integrated-circuit systems are lithographically defined and pro

cessed using conventional IC techniques, and therefore inexpensive to build. They 

are best suited for large arraying applications, where low cost and a high degree of 

uniformity and reliability is needed.

1.2 Antennas on Substrates

Planar antennas on thick dielectric substrates are difficult to analyse electro- 

magnetically [7]. They are generally narrowband, and have bad radiation patterns. 

They are also inefficient, since most of the power is coupled to substrate modes. 

Rutledge and Muha proposed the use of a substrate lens to eliminate the sub

strate modes losses, and increase the bandwidth of planar antennas [8]. They 

fabricated linear imaging arrays of wideband bow-tie antennas. Typical coupling 

efficiencies around 25% have been measured at 94 GHz and 240 GHz. Substrate-
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lens coupled log-periodic and spiral antennas have much better radiation patterns 

than bow-tie antennas, and are therefore expected to have a higher coupling effi

ciency [9]. However, the dielectric losses in the substrate lens become particularly 

severe at submillimeter wavelengths, especially in imaging arrays that require a 

large substrate lens [10]. Parish and Fetterman used a twin-dipole antenna on a 

thick substrate, and Rogers and Neikirk used a twin-slot configuration on stacked 

substrates to eliminate the substrate modes and get good patterns, but the anten

nas became narrowband and still suffered from dielectric losses at submillimeter 

wavelengths [11,12].

Plane
Lens

Image

Figure 1. Millimeter-wave imaging system with substrate lens-coupled antenna array.
Fig. 2 shows the best measured receiver temperatures for SIS and Schottky 

diodes in different receiver designs. The lowest receiver temperatures in the range 

above 120 GHz are obtained with substrate coupled spiral and bow-tie antennas [13]. 

These figures are still much higher than the photon fluctuation limit of ηp, h being
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▲ SIS Spiral - Caltech
■ SIS Bowtie - Caltech

• SIS Waveguide - Caltech, Berkeley, Bell Labs, NRAO

♦ Schottky Corner Cube - Berkeley, Goddard, Caltech 

÷ Schottky Waveguide - NRAO, JPL

‘(ass) 03uι N
F 

(S
SB

),
 dB

Figure 2. Best measured receiver temperatures for SIS and Schottky diodes in different receiver designs. (Courtesy of Prof. Thomas Phillips at the California Institute ofTechnology).
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the Planck’s constant, v is the frequency and k is the Boltzmann’s constant. Consid

erable improvement (about 3 dB) in the receiver performance is possible if the feed 

antenna to the imaging system exhibits high coupling efficiencies and low dielectric 

and resistive losses. Also, the accurate characterization of the mixer structure will 

result in a lower conversion loss, and therefore in lower receiver temperatures. How

ever, this is not within the scope of this research. The main objective of this thesis 

is to develop high-efficiency focal-plane imaging antenna arrays for millimeter-wave 

applications.

In this thesis, we demonstrate antenna structures built on a l-μm dielectric 

membrane. The membrane is so thin compared to a free space wavelength, that the 

antenna effectively radiates in free space. This approach eliminates the substrate 

lens and thus greatly reduces the dielectric losses. It also allows the use of free 

space antenna design techniques. This idea is used throughout this thesis to design 

wideband log-periodic antennas and two-dimensional imaging arrays for millimeter 

and submillimeter-wave applications.

1.2 Two-Dimensional Imaging Arrays

Two-dimensional imaging arrays offer much faster imaging of a scene than 

a scanned single element system [14]. A scanned system sees only one pixel at 

a time, and thus cannot image rapidly changing scenes of fast moving objects. 

Scanned systems could offer near real-time imaging, at the expense of a very short 

integration time per pixel, and thus poor noise performance. A two-dimensional 

focal plane imaging array, together with an optical system, can be considered a 

basic millimeter-wave camera.

An imaging array consist of a large number of antennas at the focal plane of 

an imaging system. The imaging system should be diffraction limited, that is, the 

resolution is limited by the optical system and not by the layout of the focal plane 

antennas [15]. The energy in each pixel, or resolution cell, is sampled by a single
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antenna and converged to a detector. The outputs of all the detectors constitute 

an image. In order to couple the energy efficiently, the effective receiving area of 

a focal plane antenna should be the same as a resolution cell. In a diffraction 

limited imaging system, the resolution cells occupy all the space available on the 

focal plane. Therefore an efficient focal plane imaging array will have no room for 

low frequency lines and processing electronics.

The problem is then, how to build an efficient two-dimensional imaging array, 

while still leaving plenty of room for interconnections. One could think of making 

the antennas smaller. But this is not enough, because smaller antennas have smaller 

effective areas and therefore do not couple power efficiently. What is needed is a 

way to increase the effective area of the antenna without increasing its physical size. 

Kasilingam proposed a Fly’s-eye array [16]. In this configuration, each antenna will 

be placed at the focal plane of a microlens (Fig. 3). The lens will increase the 

effective area of the antenna, thereby achieving efficient diffraction limited imaging 

with the use of small antennas.

In this thesis, I present a two-dimensional horn imaging array (Fig. 4). The idea 

is to etch crystalline silicon using an anisotropic etchant to create pyramidal cavities, 

or horn like structures. The antenna is suspended on a l-μm membrane inside the 

horn. The focusing properties of the horn increases the effective area of the antenna, 

thus leaving plenty of room for interconnections. This configuration is entirely 

monolithic, with the antennas, detectors and processing electronics integrated on 

the back side of the wafer. It is simpler to fabricate than the fly’s-eye array, and 

does not suffer from dielectric losses at submillimeter wavelengths.

1.3 Overview of the Thesis

As discussed earlier, the main objective of this thesis is to develop high- 

efficiency focal-plane imaging antenna arrays for millimeter-wave applications. The 

antennas should exhibit low cross-polarization, resistive and dielectric losses. The
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Figure 3. A fly-eye’s array of microlenses.

Figure 4. Two-dimensional focal-plane horn imaging array.
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antenna impedance should be constant with frequency for wideband applications, 

and should match the low impedance of an SIS-junction or Schottky-diode mixer. 

Chapter 2 presents the fabrication, theory and design of a monolithic two-dimen

sional horn imaging array. The anisotropic etching of silicon and deposition param

eters of the membrane layer are discussed in the fabrication section. The theoretical 

pattern of the horn array is calculated by approximating the horn by a structure 

of rectangular waveguides. The boundary conditions are matched at each of the 

waveguide discontinuity and at the aperture of the horn. The pattern is found using 

reciprocity, by calculating the received fields inside the horn for waves at different 

incident angles. Finally, the dipole antenna on the membrane is designed using 

free-space impedance formulas.

Chapter 3 describes the millimeter-wave measurement setup and presents the 

comparison between the theoretical and experimental results at 93 and 242 GHz. 

Measurements on a microwave scale model at 7.3 GHz are done in order to de

termine accurately the impedance of an antenna in a pyramidal cavity. Finally, 

horn-aperture efficiencies and coupling efficiencies to several f-number imaging sys

tems are measured, and an accurate breakdown of the cross-polarization, mismatch 

and resistive losses of the horn antenna is presented.

Chapter 4 presents a new wideband log-periodic antenna integrated on a thin 

membrane. The antenna is tuned by a back-plane reflector. The antenna patterns 

are measured at 167 GHz, 370 GHz and 700 GHz. The effect of the back-plane 

reflector on the gain of the antenna is measured at 370 GHz. Finally, a linear 

log-periodic imaging array is designed and tested at 700 GHz.

Chapter 5 describes several new directions in the area of millimeter-wave mono

lithic horn arrays. Particular importance is given to new structures of highly effi

cient heterodyne imaging arrays. High-gain horn antennas, doubly-polarized horns 

and monolithic low-frequency horns are also proposed.
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Chapter 2

Monolithic Two-Dimensional Imaging Antenna Arrays 

Theory, Fabrication and Design

Millimeter-wave imaging systems are becoming important in many scientific 

and military applications [l-5]. They provide much better resolution than mi

crowave imaging systems and are less affected by atmospheric conditions than in

frared systems. The use of a single detector and a mechanically scanned imaging 

system is a well established technique for millimeter and submillimeter-wave imag

ing [6,7]. Scanning systems, whether electronic or mechanical, are inadequate in 

certain applications. The events may be too fast, or the required integration time 

too long. The way to circumvent this limitation, is to image all points simultane

ously onto multiple sensors. A millimeter-wave imaging array consists of a large 

number of antenna elements and detectors placed at the focal plane of an imaging 

system (Fig. 1). The antennas are the feeds for lenses and reflectors, and the output 

from all the detectors constitutes an image. At frequencies higher than 75 GHz, 

imaging systems using waveguide components become prohibitely expensive. A 

monolithic focal-plane imaging array is an attractive solution in these cases. In 

such a system, the antennas and detectors are integrated on a dielectric substrate 

such as quartz, silicon or gallium arsenide [8,9]. The substrate is necessary for 

mechanical support and electronics integration.

Antennas on thick dielectric substrates have relatively poor patterns and suffer 

from power lost to substrate modes [8]. A substrate lens is often mounted to 

eliminate the substrate modes [10,11], at the expense of increasing the dielectric 

losses. Recently, log-periodic and spiral antennas have showed good patterns with 

a quartz substrate lens [12]. However, the dielectric losses become particularly high 

at submillimeter wavelengths [13,14]. One way to solve the substrate problem, is
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Figure 1. Milli meter-wave imaging system with antennas on a thick substrate.

Figure 2. Imaging system with a half-subtended angle θ.
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to integrate the antennas on a l-μm thick dielectric membrane. The membrane is 

so thin compared to a free space wavelength, that the antenna effectively radiates 

in free space. This approach eliminates the substrate modes and thus the substrate 

lens. It also allows the use of free space antenna designs and techniques. Wideband 

log-periodic antennas and linear imaging arrays have been integrated on membranes 

for millimeter-wave and submillimeter-wave applications [15].

2.1 Diffraction-Limited Imaging

In a diffraction-limited imaging system, the antenna array should sample the 

image at such a rate that the resolution of the reconstructed image is limited only 

by the resolving power of the optical system. The sampling interval in free space, 

that allows exact reconstruction of a diffraction-limited image is [16]

Te = λ/# (for field detection)
A/#

T1 (for intensity detection)
(2.1)

where f# is the f-number of the imaging system (Fig. 2), given by

1
f#

2sin(0) (2∙2)

where θ is the half-angle subtended by the exit pupil [17]. If the image is sampled at 

an interval less than (2.1), the resolution will still be limited by the optical system. 

That is, one cannot do better than the diffraction limit of the lens. If the sampling 

interval is larger than (2.1), the resolution will be limited by the sampling rate and 

the image is will be undersampled. The highest resolution is attained with systems 

with small f-numbers, mainly for an f# = 0.5, yielding a Γjr = λ and a Tj = 0.5À . 

However, such systems have serious off-axis aberrations. These are distortions in 

the image that occur in the focal plane at small distances from the optical axis. 

Ruze [18] made an accurate analysis of these errors on a paraboloidal reflector, using 

lateral feed displacement and including diffraction effects. The results indicate that
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if a 1-dB loss is tolerated, the maximum number of beamwidths scanned is given 

by
n = 0.44 + 22(j^)2 (2.3)

where f is the focal length of the paraboloid, D is the aperture diameter, and a feed 

illumination taper of —10 dB has been assumed at the edges. It should be noted 

that the ratio F = f ∕D is not the f-number of the paraboloidal imaging system. 

The f-number is still calculated from the half-subtended angle 0, given by

β =--------
tm⅛775)1

The f-number becomes equal to f ∕D, for f/D ≥ 1. From Eq. (2.2), we see that 

large f-number systems do not suffer from off-axis aberrations. A system with 

f ∕D = 1 will allow 22 beamwidths off axis, and an array of 2000 elements in 

the focal-plane is feasible. Most imaging systems are a compromise between high 

resolution and low aberrations, and will have an f-number between 1 and 2 [19]. 

Such systems require an antenna spacing in the focal plane of the order of a free- 

space wavelength.

Monolithic millimeter-wave imaging arrays have been limited to one-dimen

sional designs. This is due to the fact that focal-plane antennas need to be as large 

as the spot size, or resolution cell, of the imaging optics to attain good coupling 

efficiencies. This limits the space available for low-frequency connections. In or

der to make room for the interconnections, one has to integrate smaller antennas. 

However, the effective aperture of these antennas has to be increased to maintain 

efficient diffraction-limited imaging. We have solved this problem by fabricating a 

two-dimensional array of pyramidal horns etched in silicon (Fig. 4). The antenna 

is suspended inside a horn on a l-μm thick dielectric membrane. The antenna is 

either a dipole or a folded monopole and is much smaller than a resolution cell. The 

antennas typically occupy less than 25% of the wafer surface. The horn collects the
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energy incident on a resolution cell, and focuses it to the antenna on the membrane. 

The focusing properties of the horn increase the effective area of the dipole, thus 

leaving plenty of room for interconnections. The horn array is entirely monolithic, 

with the antennas, detectors and interconnections integrated on the same silicon 

wafer. This configuration does not require a substrate lens, and therefore does not 

suffer from dielectric losses at submillimeter wavelengths. It is easily scalable be

cause the dipole antenna effectively radiates in free-space bounded by a pyramidal 

cavity.

Figure 3. Perspective view of a two-dimensional horn imaging array.
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Figure 4. Side view of the horn-array showing the front and back wafers. The antennais integrated on the membrane.
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2.2 Fabrication

The hom array is a stacked silicon-wafer structure. The back wafer acts as 

a reflecting cavity, while the front wafer acts as the mouth of the horn (Fig. 4). 

The openings on the front wafer determine the aperture size of the horn antennas. 

The thickness of the front wafer determines the position of the antennas on the 

membrane inside the pyramidal horns. Each antenna is integrated on a l-μm thick 

dielectric membrane, that is effectively suspended in a pyramidal cavity once the 

front and back wafers are etched and assembled together. The opening on the back 

wafer is made equal to the size of the membrane, to produce a pyramidal hom with 

smooth sidewalls.

To produce the cavities, a 5000 Â thermal oxide is grown on the back wafer [20], 

and a l-μm silicon-oxynitride layer is deposited by plasma enhanced chemical va

por deposition on the front wafer. A discussion of the deposition parameters is 

presented later in this section. The openings are defined by patterning the wafers 

with photoresist and etching the silicon-oxynitride (on the front wafer) and the 

thermal oxide (on the back wafer) in a buffered-HF solution. The silicon wafers 

are then etched to create the pyramidal cavities. Reactive-ion etching or ion-beam 

milling is well suited for anisotropic etching of silicon, and especially for the fabrica

tion of horn arrays with small flare angles. However, this process is expensive, and 

the technology is far from mature. On the other hand, chemical etching of silicon is 

a widely used process. Of importance is the etching in an ethylene-diamine pyrocat- 

echol solution [21]. It can easily be masked by thermal oxide or silicon oxynitride. 

It yields a very uniform etch and a repeatable process. It is very inexpensive and 

does not require any special machines. Overetching proceeds at such a slow rate, 

that the prompt removal of the wafer from the solution is unnecessary. It is well 

suited for the fabrication of large arrays, 4 or 5 inches in cross section.

The etching process in ethylenediamine-pyrocatechol is anisotropic, etching the
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<100> crystal plane at a much faster rate than the <111> planes (Fig. 5). The 

anisotropic <100>∕<lll> etch rate ratio is 50:1. This forms pyramidal cavities 

bounded by <111> crystal planes [22]. These side walls form an angle of 54.7° with 

the <100> wafer plane. The horn flare angle is then 70.6°. This is larger than the 

optimum flare angle of horn antennas, but is fundamental to the etching process 

and cannot be changed. The openings on the front and back wafers have to be 

carefully aligned to the <110> crystals planes, otherwise overetching occurs [23]. 

The effect of misaligning an opening is an increase in the size of the etched hole in 

silicon (Fig. 6). The overetching stops when the hole perimeter is finally defined by 

an orthogonal set of <100> planes. If an opening of square size W is misaligned 

by an angle θ to the <110> planes, the resultant hole will have an opening of 

W' = IF (sin 0+cos θ). Therefore accurate crystallographic alignment of the surface 

pattern is necessary to achieve good dimensional control.

The horn openings on the front wafer, typically 2 to 3 mm in cross section, 

are defined very close to each other with a typical separation of 80μm . This 

ensures that all the incident power enters the cavities and is not reflected by the 

array. However a small misalignement on the front wafer, and thus an increase in 

the opening size, can have a disastrous effect on the fabrication of the horn array. 

The separation will be overetched, and the horns will join together resulting in a 

useless array. On the other hand, a small misalignement on the back wafer can be 

tolerated, because the openings are far from each other. The alignment accuracy 

in our lab is better than ±1° to the <110> planes, resulting in a cavity that is only 

2% bigger than the defined opening.

The back wafer is etched until a closed pyramidal cavity is formed, and etching 

is practically stopped. The front wafer is etched until the transparent silicon- 

oxynitride membrane appears. The membrane is resistant to the etch, so the prompt 

removal of the front and back wafers from the solution is unnecessary. The whole 

etching process is very uniform, yielding an array of cavities of exactly the same



19

<IIO> t

∖'T
Silicon-nitride 
layer

Figure 5. Examples of anisotropic etching in a <100> silicon wafer. The opening on the back wafer yields a closed pyramidal cavity (left), while the opening on the front wafer yields an opening Wm = W∕ — y∕2t (right).
<110>

Figure 6. Effect of misalignment with the <110> crystal planes (left), and (right) the resultant hole of an arbitrary defined opening etched in ethylene-diamine pyrocatechol.
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dimensions. After the etching is complete, the wafers are cleaned thoroughly. The 

<111> crystal planes are coated with gold to minimize the sidewall losses of the 

horn antennas.

Next, the antennas, detectors and processing electronics are all integrated on 

the front wafer, using standard lithographic techniques. The antennas and detectors 

are integrated on the membranes, while the processing electronics and the trans

mission lines are integrated on the available space near the membranes. Finally, 

the wafers are aligned and glued together using a thin layer of photoresist spread 

around the comers. The back wafer is smaller than the front wafer, to ensure ac

cess to the bonding pads. The wafer is mounted in a custom-made chip carrier, and 

several antennas are connected for pattern measurements. In practice, the design of 

the antenna will yield non-standard thicknesses for the front and back wafers. The 

front (and back) wafer may itself be a composite of several stacked wafers, etched 

to yield a smooth sidewall and glued together. There is approximately a 20 μm step 

in the pyramidal-cavity sidewalls when any two wafers are joined together. This is 

due to a slight misalignment with the <100> crystal planes, and to variations in 

the wafer thicknesses from batch to batch. Also, the resultant separation between 

two openings on the front wafer is about 40 μm , which is very small compared to 

a wavelength (Fig. 7).

2.3 Membrane-Layer Deposition

To produce the membrane, a silicon-oxynitride layer is grown on the front wafer 

by plasma-enhanced chemical vapor deposition [24]. The deposition parameters are 

adjusted to produce a layer in tension, that is, the residual stress σ∏ in the film 

are tensile. This is important because a layer in tension will produce flat and rigid 

membranes. The residual stress is dependent on the relative flow rates of NO2 and 

NH3 gases used to form the film (Fig. 8). The strength of the membrane is also 

an important design consideration. The hydrostatic strength, Q, is defined as the
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Figure 7. A scanning electron micrograph of a finished horn element



22
pressure differential across the membrane sufficient to cause it to rupture. Such 

pressure differentials are an inevitable part of the fabrication process caused by, for 

example, by compressed air drying the wafers. For a square membrane, breakage 

occurs first at the center, when the internal stress in the membrane is equal to the 

tensile strength σg of the film. The hydrostatic strength is given by [25,26]

3/2

(2∙5)
Q — %Efdf f σ^B - σj⅞λ ' 

I ∖ k(ι∕)Ef J

where I is the length of the membrane edge, and Ef, vj, and df are the Young’s 

modulus, Poisson’s ratio and the thickness of the film, respectively. The function 

fc(p) has the value 0.41 for 0.18 ≤ v ≤ 0.5. Poisson’s ratio for silicon oxynitride 

is around 0.2. From this result, the reduction of the residual stress in the film is 

effective in the increase of the hydrostatic strength.

Figure 8. Residual stress versus flow composition. The membranes have a residual stress around 10 Nmm-2.
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The tensile strength of silicon-oxynitride is dependent on the deposition param

eters. Since silicon-oxynitride is considered to be a low-quality silicon nitride film, 

its tensile strength is lower than that of silicon nitride. The tensile strength of high 

quality silicon nitride is 1000 Nmm~2. The tensile strength of silicon-oxynitride is 

estimated to be around 400 Nmm^2. The silicon-oxynitride films were deposited 

using a Pacific Western Systems plasma-enhanced chemical-vapor-deposition ma

chine [27] under a deposition temperature of 300oC and a pressure of 2.0 mTorr, 

with an RF power density of 0.012 Wcm~2 and an RF frequency of 440 KHz. The 

gases used are silane (SiH4), ammonia (NH3) and nitrous oxide (N2O). The flow 

composition was adjusted to obtain a σjR around 10 Nmm~2. This is much lower 

than the tensile strength of the film, and further reduction in the residual stress 

will not increase the hydrostatic strength of the membrane. We have fabricated a 

(7 × 7) array of 1.8 × 1.8 mm membranes l-μm thick for a 93 GHz horn array. The 

membranes withstood all standard fabrication procedures, such as resist spinning, 

developing, contact exposure, evaporation and liftoff.

If a film is deposited in stress on a thin silicon substrate, the substrate will 

bend by a measurable degree. A tensile stress will bend it such that the film 

surface is concave, and a compressive stress so that it is convex. The method used 

to measure the stress of the silicon-oxynitride film is based on this principle [28]. 

A layer is deposited on one side of a silicon wafer, and the deformation of the 

wafer is measured by a DekTak (surface profiler) machine (Fig. 9). A circular wafer 

strained by the presence of the stress will bend into a paraboloid, with the peak at 

the center of the wafer. The residual stress, σ#, can be related to the deflection h, 

of a circular wafer of radius r, by the equation

τ -B, ⅛⅞
σκ - (2-6)

where Es is the Young,s modulus of the substrate, v is the Poisson ratio of the 

substrate, da is the substrate thickness, and df is the film thickness, v is between 0.2
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and 0.25, and the value of pτ⅛y for a <100> silicon substrate is 1.8 × 105 Nmm^2. A 

1.6μm layer of silicon oxynitride, deposited with a residual stress around 30 Nmm-2, 

will deform a 550μm thick silicon wafer with a radius of 1.5 inches, by an easily 

measurable 1.3 μm (Fig. 10).

Figure 9. A silicon wafer under a tensile stress.

Figure 10. The measurement of the bending profile of a 1.5 in. silicon wafer.
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2.4 Theory

The theoretical pattern of a single horn-element is calculated assuming an infi

nite two-dimensional array of horns. It should be noted that we are not calculating 

the pattern of a two-dimensional array of horns (i.e. a phased array), but rather the 

pattern of a single element in a two-dimensional array. This is because we are inter

ested in a focal-plane array of antennas for multibeam imaging applications. Since 

the horn dimensions are comparable to a free-space wavelength, the horn-array 

has to be rigorously analysed using a complete electromagnetic solution. Earlier 

methods, summarized by Love [29], used diffraction theory and GTD techniques 

to predict the radiation patterns of horns. Unfortunately, these methods are not 

applicable for horns with large horn angles and short axial lengths. In this analysis, 

a hom-element is approximated by a structure of multiple rectangular waveguide 

sections (Fig. 11), and the fields in each waveguide section are given by a linear 

combination of waveguide modes. This method has been used before in the analysis 

of waveguide transformers [30], and recently applied to the analysis of a corrugated 

horn [31]. The fields in space are given by two-dimensional Floquet modes [32]. 

The boundary conditions are matched at each of the waveguide sections, and at 

the aperture of the horn. The antenna pattern may be calculated by assuming the 

antenna as either a transmitter or a receiver — the equivalence of these two cases 

follows from the reciprocity theorem [33]. In our analysis, we assume the horn to 

be a receiving antenna. The pattem is found by calculating the received fields at 

the position of an infinitesimal dipole inside the horn. The infinitesimal dipole is 

assumed not to perturb the fields inside the horn. The pattern of the horn antenna 

is then given by the power absorbed by the dipole for plane waves incident at dif

ferent angles. The effect of the membrane on the incident radiation is neglected, 

since the membrane is very thin compared to a free space wavelength.
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Figure 11. A stepped waveguide approximation of a pyramidal horn. Co is the first waveguide and Cm is the membrane waveguide.

Figure 12. Forward and backward travelling waves on a waveguide step (left), and a waveguide section (right).
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2.4a Pyramidal Horn Characterization

In this section, the scattering matrices of a waveguide-step junction and a 

linear-waveguide section are derived (Fig. 12). Then, a “Horn” matrix H is calcu

lated, relating the fields in the membrane section Cm to the fields in the opening 

section Cq. Finally, the Floquet modes in space are matched to the fields in the 

opening waveguide, and the fields in section Cm are calculated in terms of incident 

field using the “Horn” matrix H.
—♦ ∙~≠

The transverse fields (E<,Hi) in waveguide section (1) can be represented by 

a linear combination of TE and TM waveguide modes [34],

e∙=ΣΣ 1pi e-j(O* gpi 1 V
xmn c cmn ' ∕ ∕ umn eplcmn

n=0 m=0 n=0 m=0

ΣΣ
n=0 m=0

pl yplmn λ mn v^ eplκ'τnn ΣΣn=0 m=0
δpl ypl evmn j- mn c

+j(-l41n)2

(2∙7)

where p denotes either a TE or a TM mode, 7p11n is the wave propagation constant 

and is real for a propagating wave and imaginary for an attenuating wave, Y^n 

is the wave admittance for a TE/TM mode, and ep]n is a TE/TM eigenvector 

normalized such that the power carried by a given wave is proportional to the 

square of its coefficient (αpl1n or f>p]n). The boldface characters represent vectors. 

The fields in section (2) follow the same representation. The coefficients αp]ra and 

frpι1n are unknown, and will be calculated later in terms of the incident field on the 

horn array. The orthonormalized set of eigenvectors for a waveguide of dimensions 

Cx and Cy are derived from the potential functions

Z × ⅛ = a

Φτκ = cos(⅛mτ) cos(kny) 

⅛TM = sin(⅛rnx) sin(fcny)

(for TE eigenvector) 

(for TM eigenvector)
(2.8)

where {krn = ^i) and {kn = ^Λ). The boundary conditions at the waveguide-step 

junction are the continuity of the transverse electric and magnetic fields over the
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area A1, and the vanishing of the transverse electric field on the area (A2 — Aι). 

Ej (over A1)Ei1

Hi1 = H

Et = 0

(2∙9)(over Aι)

(on A2 — Ai)

Using the Galerkin mode matching technique [35], we get a set of linear equations 

Y? 5Σ(omn + l>mn) ^mnMN = aMN + ^MN

(2.10)
-Ymn (amn ~ ~ 52^2 ^MN ^MNmn (aMN ⅛Mn)

N M

where *s Hχe sca-lar product between a TE/TM eigenvector in section (1)

and a TE/TM eigenvector in section (2), given by

■trpl p2 
vτnnMN

∕ai ZPl . pP2 
emn eMN dA1 (2.11)

V could be considered as the coupling coefficient between a TE/TM mode in section 

(1) and a TE/TM mode in section (2). The fields in waveguide section (1) can be 

related to the fields in waveguide section (2) through the matrix equation

V
Yι

V
-Yi

«1
δι

-VτY2 V^Y2 Ö2
b2 (2.12)

where Z is a unit matrix, F1 and Y2 are diagonal admittance matrices of the indi

vidual TE/TM modes in sections (1) and (2), respectively. V is a scalar-product 

matrix of the eigenmodes at the interface, and Vτ is the transpose of V. (a1,bi) 

and (a2, b2) represent the coefficients of the incident and reflected fields for sections 

(1) and (2), respectively. The upper half of this equation is the boundary condition 

for the transverse electric field, and the lower half the boundary condition for the 

transverse magnetic field.

The fields in a lossless waveguide section (Fig. 12) are related by a simple 

phase-delay matrix, given by

α2 λ _ ( o e->(7mn)∕∖ ia,2∖
b2 ) ~ ∖ e+>^"∙">, 0 J ∖b' ) (2.13)
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The case of small losses in the pyramidal horn sidewalls can be modelled by multi

plying the phase-delay factor by an attenuation factor e~(θrnnl∖ where amn is the 

attenuation per unit length of a TE/TM waveguide mode, and I is the length of the 

waveguide section. Notice that we can only treat small losses in this analysis, since 

large losses will induce a tangential component of the electric field on the sidewalls, 

and the TE/TM mode representation will not be valid anymore.

The coefficients of the fields in the membrane section Cm can be related to the 

coefficients of the fields in the first section Co by multiplying the “step” and “delay” 

matrices of a large number of waveguide sections together. The resultant matrix is 

called the horn matrix H. The smallest waveguide section Cs is not taken at the 

apex, but is chosen to be small enough to have only rapidly decaying evanescent 

waves. This section is then assumed to be an infinite rectangular waveguide with 

waves travelling only in the negative z-direction. This is a reasonable assumption 

because the waves decay so fast that the reflected fields beyond this section are 

negligible. It is important for the numerical solution because large exponential 

decay constants are avoided. It also provides a needed boundary condition, mainly 

that the reflected waves at Cs are zero. The boundary condition relates the forward 

and backward travelling waves in the waveguide sections together. This results in 

only one independent set of variables at Co to match to the incident field.

2.4b Matching to the Floquet Modes

The transverse fields in air (E*, Hf ) can be represented by a linear combination 

of TE and TM Floquet modes [32] (Fig. 13),

∞ ∞
ËÎ = ⅛' <=+j'<7">i ⅛ + £ £

n=—oo m= —∞
∞

Σz × H-f — — api Ypf f>+j'('l'oo '>z ep∙f 4. z, a ni — u00 Joo e e00 -†-
n=-~oc τn=-∞

(2.14)
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aςn∏σ,po∏jcjopi∑jnnπ∕yppaπ∕
Figure 13. Reflected Floquet modes from a doubly-periodic structure. Λ^o and Yq are the periods in the x and y directions, respectively.

Figure 14. Incident plane waves for E & H-plane pattern calculation.
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where p, 7‰ζ,, ^mn an^ ⅛ι are in the same notation as the fields in waveguide 

section (1). The orthonormalized set of eigenvectors e⅞∕n are derived from the 

plane-wave potential function

φ _ f,amx-j-∕3ny±ymnz 
≈ mn — o (2.15)

where
2∕717Γ

ftm = <⅛o H—v;—

⅛ = ⅛ + (2.16) 
to

7mn — y∕~kθ — am ~ ßn

(αo,∕⅞,7oo) is the vector propagation constant of the incident wave, k0 = and 

(Λ^o>5'o) are the periods of the array on the x and y directions, respectively . The 

same method outlined above is used to match the fields in air to the fields in Cq. The 

coefficients of the fields in waveguide section Co can be related to the coefficients 

of the fields in air through the matrix equation

F
Ko

F
-Ko

a0
b0

I I }(af 
-FτYf FτYf J ∖bf (2.17)

where J is a unit matrix, Yq and Y∕ are diagonal admittance matrices of the indi

vidual waveguide and Floquet modes, and (αo,⅛) and (a∕,bf) are the coefficients 

of the incident and reflected fields for Co and air, respectively. F is a matrix of 

the scalar product between a TE/TM eigenvector in waveguide section Cq and a 

TE/TM Floquet eigenvectors in air, given by

ppipf 
x mnMN eMN dAo (2.18)

F could be considered as the coupling coefficient between a Floquet mode and 

a waveguide mode. The incident field is a plane wave of unit amplitude and its 

coefficients αθθ are known. The coefficients of the reflected Floquet modes bpfn, 

and the coefficients of the waveguide modes ap%n and bP£n can be calculated in
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terms of the coefficients of the incident field. The incident field is a TMqo plane 

wave for the E-plane pattem calculations, and a TE00 plane wave for the H-plane 

pattern (Fig. 14). The fields in the membrane section, and thus the antenna pattern, 

can be calculated using the horn matrix H derived above.

Figure 15. The fields at the horn axis for a plane wave incident normal to the aperture. The opening of the horn array is 1.5λ .
2.5 Design of the Horn Structure

The position of the antenna inside the horn, the dimensions of the horn, and 

the coupling to the dipole are the parameters one has to consider in this design. 

The fields along the horn axis have to be known to find the position at which the 

antenna is to be placed. The larger the fields, the greater the radiation resistance 

will be. But this is not the only criterion. The pattern has to be a good feed- 

pattern for an imaging system. Figure 15 shows the normalized electric field along 

the horn axis for a plane wave incident normal to a 1.5λ square horn array. At 

a feed position smaller than 0.35A , the membrane cross-section is smaller than
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0.5λ , and the fields decrease uniformly because all the waveguide modes are in 

the cut-off region. There is also a de-focussing effect around a feed position of 

0.92λ . The patterns calculated at feed positions of 0.42λ , 0.56λ and 0.71λ show 

good horn patterns. This shows the wide bandwidth of the horn. The pattern 

at 0.42Λ was better than the pattern at 0.56λ. This shows that the point of 

maximum radiation resistance is not necessarily the point which gives the best 

radiation pattern. This radiation resistance is a qualitative number, because it is 

calculated for an infinitesimal dipole.

The theory developed above is valid for horns with any rectangular cross- 

section, having an arbitrary separation between the horn apertures. The only 

condition is that the array is periodic and infinite in extent. A computer program 

was written for an IBM AT to calculate the patterns. The code was written in 

Turbo Pascal. Selection of the appropriate step height and the number of waveg

uide modes is important. The horn was modelled by 50 steps per wavelength, the 

smallest section Cs being 0.2 A . In the case of E and H-plane pattern calculations, 

only certain waveguide modes are excited because of symmetry. The pre-selection 

of these modes greatly reduces the computation time. All relevant modes were 

considered up to M = N = 7. The separation gap between two horn openings on 

the front wafer can vary between 0.02λ to 0.05λ depending on the alignment ac

curacy. The patterns were calculated for square apertures, with the periods of the 

two-dimensional array, Xq and Yq, taken equal to the horn aperture Co. The error 

in neglecting the separation is small, since the horn aperture Co is between 1.0λ 

and 2.0A . The horn sidewalls are assumed to be lossless. The following tests were 

conducted to check the accuracy of the results :

(1) Conservation of power — The sum of power in the reflected modes should be 

equal to the power in the incident modes. This is true because the infinitesimal 

dipole does not absorb any power, and the walls are assumed to be lossless.
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(2) Boundary conditions — The fields at Co calculated from the waveguide-modes 

representation should match the fields calculated from the Floquet-modes rep

resentation.

(3) Reciprocity theorem — The coupling between any two Floquet modes should 

remain the same if the incident and reflected modes are interchanged.

The experimental patterns will be measured with a quarter-wave dipole on the 

membrane. So, how is it that the theoretical horn patterns with an infinitesimal- 

dipole feed will be compared with the experimental ones ? To answer this fun

damental question, let us look at the Lorentz reciprocity theorem, assuming the 

absence of any magnetic sources

f Εb∙JadV = [ Ea∙JidV (2.19)
Jv Jv

-→ “* I
where V is a finite volume containing all the sources, and Eα and E6 are the fields 

in volume V arising from the sources Jα and J6, respectively. The current in a 

quarter-wave dipole peaks at the center, but goes to zero at the ends, it is similar, 

to a good approximation, to the current of an infinitesimal dipole which peaks at 

the center and is constant throughout the dipole. This is why the patterns in free 

space of both antennas are very similar. Therefore, by the reciprocity theorem, 

the horn pattern with an infinitesimal-dipole feed will be similar to that with a 

quarter-wave dipole feed. The power absorbed in the quarter-wave dipole is much 

greater than that in an infinitesimal dipole. However, the pattern of any antenna 

is the same if it is matched or not, and thus the power absorbed does not have any 

effect on the pattern.

2.6 Design of the Dipole Antenna

Imaging arrays with square horn apertures of 1.0λ , 1.45λ and 2.1Λ were fab

ricated for 242 GHz, and a 1.0A array was fabricated for 93 GHz. In all cases, the
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membrane cross-section was around 0.55λ . There are several advantages for choos

ing a small membrane. First, the fabrication on small membranes has higher yields 

than on larger ones, and the available space for processing electronics increases con

siderably with the choice of smaller membranes. The membrane size was 680 × 680 

μm for 242 Ghz, and 1.8 × 1.8 mm for 93 GHz. Second, is the ease of designing a 

low-pass filter with a half-wavelength membrane. As shown in Fig. 16, the coplanar 

strips are designed to have a characteristic impedance of 200 Ω when suspended on 

the membrane, (calculated from the quasi-static solution to coplanar strips in free 

space [36] ) and an impedance of 4Ω when sandwiched between two silicon wafers. 

The quarter-wave section of coplanar strips transforms the 4Ω impedance into a 

very large impedance at the dipole apex. The bolometer presents there a much 

lower impedance, and therefore absorbs all the received power. The coplanar strips 

also provide a dc-bias line and a low-frequency connection to the bolometer.

In order to have optimal power transfer, the bolometer resistance should be 

matched to the antenna impedance. Also, the antenna must be resonant at the de

sign frequency, that is antenna impedance must be purely resistive. The impedance 

of a cylindrical antenna in free space [33, pp. 301-305] having a circular cross sec

tion of radius a, is given by

Z =[122.65 - 204.1(⅛∕) + 110(H)2]

- j[120(ln - - 1) cot(H) - 162.5 + 140(fcZ) - 40(⅛Z)2] &
2π

(2.20)

where I is the half-length of the dipole, and k = . This approximation is accurate

in the range 1.3 ≤ kl ≤ 1.7 and 0.001588 ≤ α∕λ ≤ 0.009525. For a strip antenna 

with a rectangular cross-section, the effective radius is

ae = -(w + f) (2.21)
where t and w are the thickness and width of the strip, respectively. The dipole 

antenna on the membrane is designed to have a resonant free-space impedance of
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Figure 16. A quarter-wave dipole with a low-pass filter on the membrane.

Figure 17. A quarter-wave folded monopole on the membrane. This antenna does notrequire a low-pass filter.
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60Ω at 93 GHz and 242 GHz. The impedance of the antenna inside the pyramidal 

cavity can be calculated by solving a Pocklington integral equation involving the 

current on the dipole and the near-field boundary conditions presented by the cavity. 

This is not within the scope of this research. The free-space impedance is used as an 

estimate for choosing the bolometer resistance for a good match. The true antenna 

resistance may vary by as much as half or twice the free-space value. The dipole 

antenna may also have a strong reactive component due to the back-shorting cavity. 

Impedance measurements on a 7.3 GHz scale model are presented in Chap. 3.

In case of a folded monopole, the coplanar strips imbedded in silicon provide 

a near RF short-circuit, and the tip of the antenna reaches the center of the mem

brane (Fig. 17). The antenna loop forms the RF circuit and allows the dc-bias and 

low-frequency connection to the bolometer. The antenna dimensions are chosen 

using available design rules [37]. The folded-monopole impedance in free space is 

around 120Ω. The advantage of the monopole design is that it allows the integra

tion of a complex detector, such as the GaAs Schottky diode, on the supporting 

wafer and not on the center of the membrane.
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Chapter 3

Monolithic Two-Dimensional Imaging Antenna Arrays 

Measurements

The receiving patterns of the horn antennas were measured at 93 GHz and 

242 GHz. At 93 GHz, the source was a Varian reflex klystron modulated at 1 KHz 

with a power output of 80 mW. At 242 GHz, the source was a crossguide-tripler 

fed by an 80.7 GHz Gunn diode modulated at 1 KHz. The power output of the 

tripler was about 1 mW. The silver antennas on the membrane were 1000 Â thick. 

The detectors are bismuth microbolometers [1] with a dc resistance of 130 Ω, and 

a dc responsivity of 10 V/W at a bias of 100 mV. The horn array was mounted 

at the center of a two-axis rotation gimbal system. The system is rotated by 

two computer-controlled stepper motors (Fig. 1). The detected signal is fed to a 

computer-interfaced lock-in amplifier. The variations in the transmitted power were 

minimal. Measurements were made in the E and H planes and 45° planes of both the 

co-polarized and cross-polarized components (Fig. 2). Full two-dimensional scans 

were also made of the co-polarized component. This is necessary for an accurate 

measurement of the directivity of the horn antenna. Also, care was taken to reduce 

the scattering from the antenna and source mounts. Placing absorber to cover the 

two-axis gimbal mount reduces this scattering, at the expense of shadowing the 

receiving horn array at large angles. The system was aligned using a He-Ne laser, 

but the reproducibility of the patterns was not affected by small misalignments.

When measuring the antenna patterns, a 4 × 4 subarray is contacted, and 

the patterns are measured on at least 4 distinct elements. The elemental patterns 

are very similar. This was expected since all the pyramidal cavities, antennas and 

detectors were defined at the same time. No measurements were done on a corner 

or edge element. The feed antenna to the horn was either a dipole or a folded
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Figure 1. Detailed view of the measuring system (top) and the two-axis gimbal mount(bottom). The horn-array is placed in the far-field of the transmitting horn.
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monopole. Both feed antennas gave very similar horn patterns. The patterns of a 

dipole-fed horn were slightly more symmetrical than a monopole-fed horn.

3.1 Comparison of Theory and Experiment

The measured patterns at 93 GHz and 242 GHz show a good agreement with 

theory (Fig. 3-6). The measured E-planes of 1.0λ and 1.45λ arrays at 242 GHz 

do not show any sidelobes. We attribute this discrepancy to losses in the cavity 

sidewalls, since they were not coated by a gold layer. In contrast, the sidewalls for 

the 93 GHz array were gold coated, and the measured E-plane at 93 GHz (Fig. 4) 

on a 1.0λ array shows slight gain suppression at normal incidence and -14 dB 

sidelobe, exactly as predicted by the theory. The E and H plane patterns of the 

1.0λ array measured at 242 GHz and 93 GHz are very similar. This verifies the 

scaling properties of the horn antenna. The discrepancy in the E-plane pattern of 

the 2.1λ arrays can also be explained by the large resistive sidewall losses. In this 

case, the cavity was not gold coated, and the silicon wafer used was lightly doped. 

The effect of horn-wall losses on the efficiency of the antenna will be presented later 

in this chapter. The 45° plane patterns were narrower than either the E or H-plane 

patterns. The reason is because the far-field pattern is the Fourier transform of 

the aperture distribution [2], and the horn cross-section in the 45° plane is ∖∕2Cq. 

larger than the cross-section Co in the E and H plane.

The antennas were all linearly polarized with the direction of polarization given 

by the dipole orientation on the membrane. The cross polarized component at nor

mal incidence was lower than the noise floor, which ranged from —20 dB to —30 dB 

depending on the quality of the bolometers. There was also no measurable cross- 

polarized component in either the E or H planes. This is due to the symmetrical 

structure of the antenna. The 45° cross-polarized patterns were symmetrical to nor

mal incidence, and showed a peak cross-polarized component at ±60°. A —17.5 dB 

component was measured at 242 GHz on the 1.45λ imaging array, and a —15 dB
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Figure 2. Definition of the co-polarized and cross-polarized E and H-plane patterns, and the 45o-plane patterns.
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Figure 3. Typical E-plane (top) and H-plane (bottom) patterns measured at 242 GHzon a (12 × 12), 1.0λ imaging array. Notice the absence of sidelobes in the E-plane.
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Figure 4. Typical E-plane (top) and H-plane (bottom) patterns measured at 93 GHz ona (7 × 7), 1.0λ imaging array. Notice the —14 dB sidelobes in the E-plane.
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Figure 5. Typical E-plane (top) and H-plane (bottom) patterns measured at 242 GHz on a (9 × 9), 1.45λ imaging array. The ripples on the E-plane pattern are due to scattering from the antenna mount.
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Figure 6. Typical E-plane (top) and H-plane (bottom) patterns measured at 242 GHzon a (7 × 7), 2.1λ imaging array.
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Figure 8. Measured two-dimensional scans of a (7 × 7) array at 93 GHz. The graph is linear in power. The ripples at 93 GHz are due to scattering from the measurement setup.



52

R
el

at
iv

e g
ai

n,
 dB

 
R

el
at

iv
e g

ai
n,

 dB

Figure 9. Typical 45° co-polar and cross-polar plane patterns measured at 242 GHz on a (9 × 9), 1.45λ imaging array (top), and at 93 GHz on a (7 × 7), 1.0λ imaging array (bottom).



53
level was measured on the 1.0λ array at 93 GHz (Fig. 9).

Tabulated in Fig. 10 are the exact dimensions of the imaging arrays, with the 

corresponding measured 3-dB and 10-dB beamwidths of the E and H-plane patterns. 

The H-plane pattern is well behaved, while the E-plane pattern shows sidelobes. 

This is due to the boundary condition at the horn aperture Cq. The electric field 

is tangential to the sidewall in the H-plane scan, resulting in a distribution with a 

peak at the center and a null at the boundary. On the other hand, the electric field 

is normal to the sidewall in the E-plane scan, resulting in a large component at the 

boundary. Also, the H-plane pattern narrows with increasing aperture size, while 

the E-plane pattern stays the same after 1.45 A . This is also due to the far-field 

pattern being the Fourier transform of the aperture distribution.

The co-polarized peak directivity of the horn antenna is defined as

fo* f03 Pc°-p sin^ dθdφ

where Pco-p is the normalized co-polarized radiation pattern of the antenna. The 

effect of the cross-polarized component will be presented later in this chapter. The 

aperture efficiency eap, defined as the effective aperture of the horn antenna divided 

by the physical aperture size, is given by

eap (3∙2)

In physical terms, the aperture efficiency denotes the power received by a matched 

load divided by the total power incident on the horn aperture. The aperture effi

ciency of a uniformly illuminated antenna with no phase errors is 100% [3]. The 

calculated directivities from the two-dimensional scans show a decreasing horn- 

aperture efficiency with increasing aperture size. From a transmitting point of 

view, a horn with a large aperture is not uniformly illuminated by the dipole and 

suffers from aperture taper (non-uniform field distribution) and phase errors. In
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Array 1.0Λ 1.45λ 2.1λ

f 94 GHz 242 GHz 242 GHz

c0 1.01 1.42 2.09

1 0.02 0.03 0.02

^mbr 25% 13.5% 7.5%

E(3-dB) 54° 35° 35°

E(10-dB) 100° 95° 97°

H(3-dB) 62° 46° 32°

H(10-dB) 110° 90° oOr-

Dcp 11.9 17.3 21

^cp 95% 97% 38%

Figure 10. Measured 3-dB and 10-dB beamwidths of several millimeter-wave imaging arrays. I is the separation between two openings Co, and Smbr is the percentage of the space on the wafer occupied by the membranes and the antennas.
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practice, the measured aperture efficiency is lower than the one calculated above 

due to mismatch, resistive and cross-polarization losses.

3.2 Phased-Array Applications

The horn arrays have potential applications in millimeter-wave phased-array 

systems. The amplifiers and phase shifters could be integrated directly near the 

radiating element on a GaAs substrate. The GaAs substrate could be sandwiched 

between two silicon wafers (Fig. 11), and appropriately etched using reactive ion 

etching [4] or wet chemical etching [5] to produce a horn with smooth sidewalls. 

The silicon wafers offer mechanical rigidity and the electromagnetic focussing effect. 

Amitay, Galindo and Wu have analysed waveguide phased arrays in their author

itative text [6]. The radiating element in a phased array should be smaller than 

a wavelength in order to avoid grating lobes. The element patterns of the 1.0λ 

array designed for 93 GHz were measured at 80.7 GHz (Fig. 12). The membrane 

cross-section is 0.48λ , which puts it slightly in the cutoff region. The aperture size 

is 0.86λ , which is acceptable for a phased array scanned ±10°. If scanned fur

ther, grating lobes would appear in the endfire directions [7]. The theoretical horn 

aperture efficiency was 94%, calculated from a two-dimensional scan. This result, 

together with the 1.0λ results, shows that horn arrays smaller than a wavelength 

have an aperture efficiency near 100% and give good patterns for phased array 

applications.

A 0.75λ horn array can be readily built at 60 GHz for a ±20° scanned phased 

array. If the antenna is located on a 0.5λ membrane, the total space occupied by the 

antenna is only 44% of the area of a unit cell. The space available for the supporting 

electronics of a single antenna is 7.8 mm2. A single stage IF amplifier could be 

integrated on 1.6 mm2 with the current state of the art [8], and a variable phase 

shifter on 4 mm2. This leaves plenty of room for interconnections and processing 

electronics.
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Figure 11. Side view of a phased array, showing the GaAs wafer sandwiched between two silicon wafers.
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Angle σf incidence, degrees

Figure 12. The E and H-plane patterns measured at 80.7 GHz of a single element in a 0.86λ imaging array.
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3.3 Microwave Scale-Model Measurements

Measurements on a 3 × 3 horn-array microwave scale model were done around

7.3 GHz to determine the impedance of the dipole antenna inside the pyramidal 

cavity [9]. The coaxial line feeds a dipole antenna and a coplanar-strip transmis

sion line which is shorted Λ /4 away from the feed (Fig. 13). This design has two 

purposes. It models the coplanar strips on the membrane effectively, and it provides 

an effective Baiun [10] for the coax-dipole feed.

The radiation impedance of a coaxial-fed quarter-wave dipole over an 8.0λ × 8Λ 

ground plane was measured at 7.3 GHz. Similar measurements were done on several 

quarter-wave dipoles inserted inside the horn-array scale model. The dipoles are 

placed at a feed position of 0.4A from the horn apex, which corresponds to a 

membrane size of 0.56λ . This is the exact position of the antenna inside the 

93 GHz horn array. As seen in Fig. 13, the effect of the cavity is to decrease 

the radiation resistance and increase the reactive impedance of the dipole. The 

radiation impedance is changed from 65Ω + j 28Ω over a ground plane, to around 

50Ω + j 95Ω when inserted in the pyramidal horn. This result is expected because 

the pyramidal cavity behind the monopole antenna has a cross-section smaller than 

0.5λ . The waveguide modes are all cut-off, and the cavity presents a strong reactive 

effect on the dipole. The cavity can be modelled by a back-plane reflector that is 

much closer to the antenna than the horn apex of 0.4λ . Such a reflector decreases 

the radiation resistance and increases the reactive impedance of the antenna.

Similar measurements were done on a monopole antenna from 7.2 GHz to

7.4 GHz. As seen in Fig. 14, the effect of the cavity is to decrease the radiation 

resistance and increase the reactive impedance of the monopole. The radiation 

impedance is changed from 46Ω + j 15Ω over a ground plane, to around 25Ω + j 40Ω 

when inserted in the pyramidal horn. This is in strong agreement with the dipole 

antenna measurements.
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Figure 13. The microwave scale model impedance measurements on a quarter-wave dipole over a ground plane (a) and in a pyramidal cavity (b).
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Figure 14∙ The microwave scale model impedance measurements on a monopole over aground plane (a) and in a pyramidal cavity (b).
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3.4 System Calibration at 93.2 GHz

Absolute power calibration can be readily made at 93 GHz using commercially 

available power meters [11]. In this case, 4 different power meters were compared 

at this frequency. The maximum deviation was ±5% from the average. The gain of 

the transmitting horn was accurately measured by the two-antenna measurement 

method [12]. In this method, two identical antennas are used for transmitting and 

receiving the power. The ratio of the received power to the transmitted power is 

given by

Pτ 4πR (3.3)

where R is the separation between the transmitting and receiving antennas, and G 

is the gain of the antenna. The transmitted and received power are measured using 

the same power meter. The measured gain of the antenna is thus independent of any 

miscalibrations, if any, in the power meter. The range was checked by measuring 

the received power versus distance (Fig. 14). The gain of the transmitting horn

was 23 dB ± 0.1 dB at 93.2 GHz. The measurements were done at a distance of
8D2 2Z)2——, which is much farther than the far-field criterion of —-—, D being the largeλ
cross-section of the transmitting horn.

The bolometer dc responsivity can be accurately measured by biasing the 

bolometer at increasing voltages and measuring the drop in resistance (Fig. 15). 

This measurement gives the responsivity of the bolometer in series with the resis

tance of the thin-film transmission line that connects the antenna to the bonding 

pad. The series resistance, Rs, is found by fabricating another array and measur

ing the input resistance with a shorted bolometer. The effect of this resistance is 

normalized out of the measurement, and the true dc responsivity of the bolometer 

is found (Fig. 16). The frequency response of the bolometer is found by measuring 

the received voltage from a 93 GHz plane wave modulated from 2 Hz to 2 KHz. 

The amplitude of the 93 GHz plane wave and the duty cycle of the modulation are
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log R

Figure 15. The received power vs distance in a two-antenna measurement setup.

Rb = 138Ω

Figure 16. The method used for measuring the dc responsivity of the bolometer.
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kept constant. This measurement gives the relative response of the bolometer ver

sus modulation frequency. The 2 Hz ac measurement is then normalized to the dc 

measurement, and the absolute bolometer responsivity at 1 KHz is found (Fig. 17). 

The system is now ready for absolute power measurements at 93 GHz.

3.5 Horn-Aperture Efficiency Measurements

The horn aperture efficiency of a single element in the array is defined as 

the power received by the bolometer divided by the total power incident on the 

horn aperture C,θ, when the array is illuminated by a plane wave of known power 

density. This definition includes the mismatch loss between the dipole antenna and 

the detector, and the resistive losses in the antenna and the coplanar-strip low-pass 

filter. It also includes the resistive losses in the horn sidewalls, the cross-polarization 

losses, and the loss due to coupling to the neighboring elements. Hom aperture 

efficiencies of 44 ± 4% were obtained. The theoretical hom-aperture efficiency was 

calculated from the co-polar two-dimensional scan to be 95% . This results in a 

total combined loss at 93 GHz of 3.35 dB.

3.5a Cross-Polarization Losses

The cross-polarized component was measured on several elements at 93 GHz. 

A peak component of —15 dB was found in the 45° and 30° planes. There was no 

measurable component in either the E or H-plane pattem. An upper limit on the 

cross-polarization losses is found by assuming that the cross-polarized 45° plane- 

pattern is rotationally symmetric, and calculating the power radiated from this 

pattern. The co-polar antenna directivity is then given by

D 4π Î3 41
∕02π ∕0y Pco-p sin <9 dθdφ + Jθ2,r ∕θ5^ Px-p sinθ dθ dφ

where Pco-p and Px-p are the measured co-polar and cross-polar patterns. The 

effect of the cross-polarized pattern is to decrease the aperture efficiency from 95% 

to 91%. Therefore, the total cross-polarization losses are about 0.1-0.2 dB.
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Ly∕2Ra [c' [l + 2⅛)2]
iC1

377 Γc'∣∕~' ∕l t λ ∖2

3.5b Horn-Sidewalls Resistive Losses

The 93 GHz horn array was assembled from four different stacked wafers 

(Fig. 18). The horn sidewalls of the back-shorting cavity and the front wafer are 

gold coated. The membrane-wafer is not, because it is hard (but not impossible) 

to evaporate gold on its sidewalls without covering the membrane with gold.

The sidewall losses are estimated by assuming that a TEχo wave is launched 

by the dipole on the membrane, and calculating the resistive losses using the TE10 

current distribution on the sidewalls [13]. The effect of the high-order modes is 

neglected. The losses are assumed to be small, otherwise the TEjo waveguide 

mode representation is not valid. The sidewall losses Pιoaa are related to the total 

transmitted power Pout by

PlθS8

^3°ut ~~i i ~ ∖2C^z>

where Cz is the variable cross-section of the pyramidal cavity, and Ra is the 

millimeter-wave surface resistance of the sidewalls, given by

R,=yψ cs.«)

where μ and σ are the permittivity and conductivity the horn sidewalls, and f is 

the frequency. The integral in Equ. 3.4 is not valid for cross-sections smaller than 

0.5À . The losses of the gold coated sections are negligible because Ra is very small. 

The resistivity of the membrane-wafer was measured using a four-point probe [14]. 

The membrane-wafer has an Ra =46Ω at 93 GHz and is located between Ci =0.56λ 

and C,2 =0.7λ . The total sidewall losses are then calculated to be around 0.7 dB.

3.5c Other Losses

A 2-4μm thick dielectric layer is sandwiched between two wafers every time 

they are assembled together. This layer presents a series resistance to the axially

(3∙5)
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Figure 19. Detailed sketch of the 93 GHz imaging array.
Intrinsic Pattern Loss -0.2 dB

Mismatch Loss -2.2 dB

Horn Sidewalls Loss -0.7 dB

Cross-Polarization Loss (-0.2,-0.1) dB

Horn-to-Horn Coupling Loss (-0.2,-0.1) dB

Total Losses -3.4 dB

Figure 20. The accurate breakdown of the horn losses.
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directed (z) current arising from the TEι0 mode. The equivalent series resistance 

is about 0.5Ω [15] and the losses in this layer are truly negligible (Fig. 18). Also, 

the series resistance losses in the coplanar-strips low-pass filter is small, because 

it presents a very high impedance at the dipole apex. The coupling between two 

different horns was investigated at 7.2 GHz. Coupling values of —20 dB in the 

E-plane and —30 dB in the H-plane were measured at 7.2 GHz for a dipole feed . 

These figures are much lower than the estimated values given by Amitay [6]. The 

coupling losses are then estimated to be around 0.1-0.2 dB.

3.5d Antenna Losses

The receiving antenna on the membrane is a quarter-wave silver dipole with a 

full-length of 1560μm , a width of 80μm and a thickness of 1000Â. The RF series 

resistance is equal to the dc resistance since the dipole thickness is a third of a 

skin-depth at 93 GHz. The current distribution on the dipole is sinusoidal with the 

peak at the center and a null at the tips. This yields and effective length for series- 

resistance calculations equal to half of the dipole full-length. The series resistance 

is equal to 4Ω. The antenna is designed to have a resonant impedance of 60Ω in 

free-space. Microwave measurements at 7.3 GHz resulted in a dipole impedance 

around 50Ω + j95Ω (section 3.3).
y2

The available power to a matched load from the dipole is given by ±r-, where 

Va is the voltage across the dipole, and Ra is the radiation resistance. The power 

absorbed by the bolometer P∣t divided by the available power Pav is given by

Pb _ 4RaRb 
P∑ ~ (R2,+Xi~)

where Rb is the bolometer resistance, Rt is the sum of the antenna resistance, the 

bolometer resistance and the series resistance in the circuit, and Xa is the dipole 

reactive impedance. The bolometer RF resistance is equal to its dc value of 138Ω. 

The total antenna losses are calculated to be 2.2 dB. The loss in the series resistance

3.7)
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of the antenna is negligible due to the the large antenna impedance, and the loss 

is then entirely due to the mismatch between the dipole and the bolometer. This 

brings the total calculated losses to 3.2 dB. There is no need to search for the last 

0.1 dB, because our measurement error is about ±0.4 dB.

Tabulated in Fig. 19 are the antenna losses discussed above. All the losses, ex

cept for the cross-polarization losses, are easily minimized. If the horn sidewalls are 

all gold coated, and the antenna is matched to a low impedance slightly capacitive 

detector, the aperture efficiency of a 1.0λ square horn will be greater than 88% .

3.6 Coupling Efficiency Measurements

The coupling efficiency to an imaging system is defined as the power received 

by a single element placed at the focal point of an imaging system, divided by the 

total power incident on the lens, when the lens is illuminated by a plane wave of 

known power density (Fig. 20). The theoretical coupling efficiency [16] of a horn 

array of square aperture size of 1.5λ are presented in Fig. 21. This figure also shows 

the spillover and taper loss. The coupling efficiency peaks around 60% for an f- 

number around 0.85 . A 1.5λ imaging array was constructed at 242 GHz. However, 

a comparison with the theoretical results is not possible at this frequency, because 

absolute power measurements cannot be made accurately.

The coupling efficiency of the 1.0λ imaging array was measured at 93 GHz 

for systems of different f-numbers (Fig. 23). About 24% of the incident power is 

absorbed by a single detector for an f-number of 0.7, and 14% for an f-number of 

1.1. This translates to a coupling efficiency around 54% for an f∖0.7 system, with 

a matched antenna and low-resistive losses. This is in strong agreement with the 

peak theoretical coupling-efficiency of 60% attainable with similar feed patterns.

The distribution of power in the focal plane for an incident plane-wave normal 

to the lens, is measured for two separate lenses with f-numbers of 1.1 and 0.7,
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Horn
array

Figure 21. The coupling efficiency measurement system. Various lens-stops yield differ ent f-number systems. f~∩umbβΓ

Figure 22. The theoretical coupling efficiency of a horn element in a 1.5λ imaging array
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F-Number

Figure 23. The coupling efficiency of a horn element in a 1.0λ imaging array. The measured points, indicated by circles, include the mismatch and resistive losses in the horn element, and the taper and spillover losses of the lens.
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respectively (Fig. 23,24). The sum of the total power on the focal plane yields a 

total coupling efficiency of 25% in both cases. The lens Airy pattern [17] has a 

first dark-ring radius of 0.61λ and 1.22λ for an f∖0.7 and f∖l.l lens, respectively. 

The center element receives 96% of the total power incident on the focal plane for 

an f∖0.7 lens, and 56% for an f∖l.l lens. There is then a strong optical coupling 

between the elements for an f∖l.l lens, i.e: for a diffraction limited imaging array. 

In Prof. Thomas Phillips words: “Hence, a significant fraction of the power received 

from the area in the sky appropriate to the central element is distributed among 

adjacent elements, and this central element also receives power from the areas of 

the sky appropriate to its neighbors” [18]. This optical coupling will blur the image, 

although in principle, the information is recoverable by coherent processing. On 

the other hand, if an f∖0.8 to f∖0.7 system is chosen, the coupling efficiency to the 

central element will increase to around 50%, and the optical coupling between the 

central element and its neighbors will decrease sharply. The penalty paid is an 

undersampling of the image.

In conclusion, the system design is a compromise between a diffraction limited 

image with medium coupling efficiency and large optical coupling, or an undersam

pled image with a high coupling efficiency and small optical coupling.
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0.07%

Figure 24.
The distribution of power in the focal plane for an f∖l.l lens.
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f*=0.7 0.03%
0.09% 0.26% 0.09%

0.08% 0.07% ∖24.0%∖ √ 0.14% 0.09%
First ring of- 
Airy Pattern 0.07% 0.16% 0.05%

0.03%

Figure 25. The distribution of power in the focal plane for an f∖0.7 lens.
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Chapter 4

Log-Periodic Antennas on Thin Membranes

Submillimeter-wave antennas have been fabricated on l-μm thick silicon- 

oxynitride membranes. This approach results in better patterns than previous 

lens-coupled integrated circuit antennas, and eliminates the dielectric loss associ

ated with the substrate lens. Measurements on a wideband log-periodic antenna 

700 GHz, 370 GHz and 167 GHz, show no sidelobes and a 3-dB beamwidth be

tween 40° and 60°. A linear imaging array shows similar patterns at 700 GHz. 

The patterns are bidirectional, so a back plane reflector is used to make the pat

terns unidirectional. At 370 GHz, the effective receiving aperture is increased by

5.5 dB at a mirror position of 0.7Λ. Possible applications for membrane antennas 

include wideband superconducting tunnel-junction receivers for radio astronomy, 

and imaging arrays for radiometry and plasma diagnostics.

4.1 Introduction

At millimeter and submillimeter wavelengths, integrated-circuit antennas are 

often mounted on a substrate lens to eliminate losses due to substrate modes [1,2]. 

This approach takes advantage of the fact that antennas on dielectrics are more 

sensitive to radiation from the substrate. However, coupling efficiencies for these 

antennas have been limited to about 25% because of poor patterns and dielectric 

losses. Substrate-lens coupled log-periodic and spiral antennas [3] have much bet

ter radiation patterns than bow-tie antennas, and are therefore expected to have a 

higher coupling efficiency. However, the dielectric losses become particularly severe 

at submillimeter wavelengths [4]. We have solved the dielectric loss problem, and 

improved the patterns by fabricating the antennas on l-μm thick dielectric mem

branes (Fig. 1). The membrane is much thinner than a wavelength, so that the 

antenna effectively radiates in free space. This approach eliminates the substrate
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lens and thus greatly reduces the dielectric losses, and allows the use of free-space 

antenna designs and techniques. One could design a high gain series-fed dipole 

array by using simple free-space design equations. In our application, we have inte

grated a wideband self-complementary log-periodic antenna on the membrane. The 

antenna patterns are bidirectional with the peak of the pattern normal to the wafer. 

The antenna impedance is constant over all frequencies, and is equal to 189Ω in 

free space [5]. A back-plane reflector is needed to make the patterns unidirectional, 

and thus increase the effective receiving aperture of the antenna.

4.2 Fabrication

A l-μm silicon-oxynitride layer is deposited on both sides of a <100> sili

con wafer using plasma-enhanced chemical vapor deposition. The layer must be in 

tension to yield flat and rigid self-supporting membranes. The deposition param

eters and the tension measurements of the silicon-oxynitride layer, are explained 

in Chapter 2. The membranes are fabricated in two steps. First, an opening is 

defined on the back of the wafer by patterning the silicon oxynitride with pho

toresist and etching it in a buffered-HF solution. Then the silicon is etched in an 

ethylenediamine-pyrocatechol solution [6] until the transparent membrane is ex

posed. The etching process is anisotropic and forms pyramidal cavities bounded 

by <111> crystal planes. These side walls form an angle of 54.7° with the <100> 

wafer plane. Next the antennas and detectors are lithographically defined on the 

membrane. The membranes are mechanically strong and can withstand all standard 

fabrication steps. The detectors are bismuth microbolometers with a dc resistance 

of 150 Ω and a dc responsivity of 10 V∕W at a bias of 0.1 V.

The mirror is made in a similar way. An oxide layer is thermally grown on 

both sides of a <100> silicon wafer. The oxide is stripped off one side except for 

square patches which are slightly larger than the membrane. Then the silicon wafer 

is etched down to the desired depth, and this determines the distance between
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Figure 1. Antenna on a thin membrane with a back-plane reflector.

Figure 2. Self-complementary log-periodic antenna.
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the antenna on the membrane and the mirror. The comers of the square are 

not protected from the anisotropic etch, and considerable etching occurs around 

the comers. This results in a roughly circular mirror. Finally, a layer of gold is 

evaporated on the mirror structure. The mirror is inserted in the cavity and aligned 

parallel to the membrane with a He-Ne laser.

Another fabrication process follows a similar approach. The antenna, detector 

and contacts are first defined on a silicon-oxynitride layer deposited in tension, on 

the top side of a silicon wafer. Then they are covered by a l-2μm layer of silicon 

nitride or silicon dioxide deposited at low temperatures by plasma enhanced chem

ical vapor deposition. This layer protects the metalization from the anisotropic 

etchant. An infrared mask aligner is then needed to define an opening on the back 

side of the wafer, which is aligned to the antenna. The wafer is then etched in an 

ethylene-diamine-pyrocatechol solution, until the transparent membrane appears. 

This fabrication process has the advantage that no lithography, aligning or evapora

tion is done on thin membranes, and therefore will have higher yields. The radiation 

properties of the antenna should not be affected if it is sandwiched between two 

l-μm thick dielectric layers.

4.3 Wideband Log-Periodic Antenna

The antenna follows the classical log-periodic design of DuHamel and Isbell [7]. 

The nth tooth is characterized by an inner radius rn and an outer radius Rn where 

Rn∕rn=σ = ∖∕2 and Rn+γ∕Rn = τ = 2 (Fig. 2). The antenna is a self-complem

entary design with an impedance of 189 Ω over the frequency range from 100 to 

1400 GHz, and is linearly polarized along the resonant tooth. The high-frequency 

cutoff is determined by the smallest tooth, and the low-frequency response is limited 

by the size of the membrane. In our case, the membrane was 1.85 mm, resulting in 

a low-frequency cutoff of 115 GHz. The mirror used in the 370 GHz measurements 

has a diameter of 1.7mm (Fig. 3).
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Figure 3. Scanning electron micrograph of a log-periodic membrane antenna with a back-shorting mirror in the cavity.
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4.3a Pattern Measurements

The patterns were measured at 700 GHz, 370 GHz and 167 GHz (Fig. 3). The 

sources were a CO2 pumped far-infrared laser at 700 GHz, a Thompson-CSF BWO 

at 370 GHz, and a Micronow BWO sweeper at 167 GHz. The power was monitored 

by corner cubes with schottky diodes [8] at 700 GHz and 370 GHz (Fig. 8), and by an 

Anritsu waveguide power-sensor [9] at 167 GHz. The E and H-plane measurements 

follow the same procedure outlined in Chap. 3.

The antenna was placed on rotation and translation stages, and for the 700 GHz 

and 370 GHz measurements, scans were made in the plane of the antenna to insure 

a gaussian mode distribution of the incident power. The antenna was placed at the 

peak; of the gaussian mode. The antenna is linearly polarized along the resonant 

tooth, and the on-axis cross-polarization ratio was greater than 20 dB at all frequen

cies. The pattern measurements were taken from the top side of the wafer. The 

back-side patterns were similar to the front-side ones, but with additional shoulders 

from reflections off the <111> facets. The E and H plane patterns are very simi

lar (Fig. 4, 5). Table 4.1 shows the average 3-dB and 10-dB beamwidths measured 

at 167 GHz, 370 GHz and 700 GHz. The directivity of the antenna at 370 GHz 

is 7.85 dB. Duhamel and Isbell [7] reported an average 3-dB beamwidth of 55° 

from their measurements around 1 GHz. The effect of the membrane is therefore 

negligible, and the antenna is easily scalable to higher frequencies. The structure 

in the 167-GHz pattern is probably due to the interaction of the resonant tooth 

lying near the edge of the membrane with the neighboring silicon. The ripples in 

the 370 GHz pattern are due to scattering from the antenna mount.

4.3b Mirror Measurements

A back-plane reflector makes the patterns unidirectional, and therefore in

creases the effective receiving aperture. The received power versus mirror position 

for normal incidence is calculated as follows. First, a gaussian pattern is fitted to
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Figure 5. Measured E and H-plane patterns at 167 GHz (top) and 370 GHz (bottom)
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Angle of incidence

E-H(3-dB) E-H(10-dB)

700 GHz

0O 98°

370 GHz 55° 103°

167 GHz 60° 110°

Figure 4. Measured E and H-plane patterns at 700 GHz (top), and the tabulated values of the 3-dB and 10-dB beamwidths of the log-periodic antenna (bottom).
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the measured pattern at 370 GHz. This is done according to the coordinate system 

shown in Fig. 6. Since the E and H-plane patterns are similar, the fitted gaussian is 
rotationally symmetric and equal to e(~tf2∕°∙35∖ where θ is in radians. The pattern 

of the antenna with a back-plane reflector is given by

Gf(θ) = 4 C e(-*2∕θ∙35> sin2(fch cos 0) (4.1)

where k = h is the distance between the antenna and the reflector, C is a 

normalizing constant, and 4sin2(fc⅛cos0) is the array factor resulting from the 

antenna and its image [5, pp. 65-68]. The gain at normal incidence is

Gm(Θ = 0)
2 sin2(fc∕ι)

(4∙2)
J e( 02∕°∙35) sin2(fc∕ι cos 0) sin0 dθ 
o

The received power Pr at normal incidence is proportional to the gain of the an

tenna, and is given by

Pr = ^Gm(Θ = 0)(l - p2m)Pi (4.3)

where Pi is the incident power density, and p =■ —⅛⅞, is the mismatch between 

the radiation resistance of the antenna with a back-plane reflector and the bolometer 

impedance of 150 Ω. The new radiation resistance is calculated assuming that 

the currents on the antenna are not affected by the mirror. This is true if we 

neglect the mutual coupling between the antenna and its image. The radiation 

resistance (Fig. 10) is then proportional to the total radiated power, calculated by 

integrating Equ. (4.1) over half-space.

Fig. 8 shows the effect of the mirror on the received power. If the mismatch 

factor was not taken into account, the predicted response becomes nearly flat from 

0.05 A to 0.30 A. The fact that the measured response drops in this region, indicates 

two important things. First the bolometer submillimeter-wave impedance is equal
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Figure 6. Coordinate axis for pattern calculations.

Figure 7. Calculated radiation resistance of a log-periodic antenna with a back-plane reflector.
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to its dc value. This is because the bolometer is still much smaller than a wavelength 

at 370 GHz. Second, the submillimeter-wave antenna impedance is equal to the 

predicted radiation resistance (Fig. 7), calculated neglecting the membrane and 

the neighboring silicon wafer. This implies that free-space antenna techniques are 

applicable for submillimeter-wave antennas integrated on thin membranes.

The high gain measured around 0.75 λ results from an interaction between 

the element pattern and the array pattern. At this spacing, the array pattern 

has a narrow main lobe, with a grating-lobe cone centered at 70°. However, the 

element pattem is 17 dB down at this angle. The result is a high-gain pattern 

with a narrow main lobe and —17 dB sidelobes. The measured received power 

increases by 5.5 dB at 0.7 λ. The gain of the log-periodic antenna with a back

plane reflector is 13.35 dB. This amounts to an effective receiving aperture of

1.7 Λ2. For comparison, the effective aperture of a quarter-wave dipole backed by 

a ground plane is 0.5Λ2, and is 1.7λ2 for a monolithic horn etched in silicon with 

a square opening of 1.6λ (ref. Chap. 3). The log-periodic antenna is therefore an 

efficient focal-plane antenna suitable for single-element imaging.

4.3c Coupling Efficiency

The coupling efficiency of a paraboloid of subtended half-angle θo resulting 

from a rotationally symmetric feed pattern Gy(0), is given by [10]

e = cot2(0o) (4.4)
0

where G∫(0) is the pattern of a log-periodic antenna with a back-plane reflector 

given by (2.1). For a given feed pattem, the coupling efficiency is only dependent 

on the subtended half-angle θ the reflector, not on its size. The ratio F = f ∕D 

of a paraboloid is related to θ by Eq. (2.4). Fig. 9 shows the calculated coupling 

efficiencies for different mirror positions. A value of 88% is possible for paraboloids
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Figure 8. Measured received power for normal incidence at 370 GHz vs. mirror position.
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Figure 9. Calculated coupling efficiencies for different mirror positions.
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with ∕∕D equal to 0.6, and higher than 70% for f ∕D around 1. Measured coupling 

efficiencies should be lower due to cross-polarization, mismatch and ohmic losses.

4.4 Linear Imaging Array

A linear array of antennas was built and tested at 700 GHz (Fig. 10). The 

spacing between the antennas was 0.9 A. These antennas were shaped like bow-tie 

antennas with a pair of λ∕4 teeth and a pair of A/4 slots. The idea is to make 

an antenna with a pattern and impedance at a single frequency that are similar to 

the complementary log-periodic antennas. The measured cross-polarization ratio 

is 13 dB, and the polarization axis is shifted clockwise 20° from the tooth toward 

the array axis. Since the polarization does not match the array axis, the E field 

was rotated by a half-wave plate to yield the maximum signal from the detector, 

and the horizontal-plane (array-axis) and vertical-plane (bow-axis) patterns were 

measured (Fig. 11). The patterns were measured on several central elements from 

the top side of the wafer. The patterns are similar to the 700 GHz log-periodic 

patterns, except that the bow-axis beamwidth (50°) is wider than the array-axis 

beamwidth (40°). The 10-dB beamwidths are similar and equal to 120°. A back

plane reflector should sharpen the patterns, but no measurements with a back-plane 

reflector were done at this frequency.
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Incident radiation

Figure 10. Linear imaging array for 700 GHz.

Angle of incidence

Figure 11. Measured array-axis and bow-axis patterns at 700 GHz.
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Chapter 5

Future Work

Several two-dimensional imaging arrays have been demonstrated at millimeter- 

wave frequencies. The element pattern, cross-polarization, gain and the coupling 

efficiency to an imaging system have been measured. The measurements agree well 

with the analytical models derived in this thesis. The future work described in this 

section can be divided into two groups. The first discusses the limitation of the 

horn array and proposes methods to design a better imaging system. The second 

proposes new horn-array structures for imaging, communication and radiometric 

applications.

The superconductor-insulator-superconductor (SIS) detector [1] is well suited 

for integration with the horn array. It is a thin film detector, and could be deposited 

lithographically at the apex of a dipole antenna on the membrane. Thermal cycling 

of 1.6 mm square membranes from room temperature to 77° Kelvin showed no 

deterioration of the quality of the membranes. The supporting wafer could be 

Silicon or GaAs, depending on the electronics needed for the particular application. 

On the other hand, the GaAs Schottky-diode mixer [2] must be integrated on a 

supporting GaAs wafer near the membrane. The monopole antenna is better suited 

for this application. Phased-array applications and GaAs horn arrays are presented 

in Chap. 3.

5.1 Low-Frequency Horn Arrays

The fabrication difficulties in making large membranes have been solved by de

positing silicon-oxynitride layers of very low residual stress. Currently, we can make 

membranes about 5 × 5 mm. This is enough to design monolithic two-dimensional 

horn arrays for 60 GHz applications. Such arrays would be suitable for space appli

cations, where they are not affected by the large oxygen absorption line available
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in our atmosphere [3]. However, the hydrostatic strength of the membrane falls 

off sharply with size. This could be solved by making much thicker membranes, 

about 4-5μm , without affecting the radiation properties of the antenna. Such films 

can be easily deposited using plasma-enhanced chemical vapor deposition. Another 

approach is to support the membranes by several thin silicon or GaAs cantilevers. 

In the case of a silicon wafer, appropriate regions are heavily doped before the de

position of the silicon-oxynitride layer. The anisotropic etchant, ethylene-diamine 

pyrocatecol, does not attack highly doped p-type silicon [4]. The wafer is then 

etched in EDP, leaving a pyramidal cavity with a large membrane suspended by 

thin and narrow silicon cantilevers.

5.2 High-Gain Horn Arrays

A millimeter-wave imaging system requires a large number of focal-plane ele

ments. An array size of (50 × 50) elements is not unreasonable at 300 GHz. The 

equivalent f-number of the imaging system should be around 2. This is necessary 

to reduce the aberrations and the gain loss of the outer elements of the array. 

However, the element pattern of a horn array does not improve considerably for 

openings greater than 1.5 Λ. This is due to the taper and phase errors across the 

aperture that result from the large flare angle (70.6°) of the horn.

A horn with a small effective flare angle does not suffer from these losses, and 

has high aperture efficiencies for large apertures. Such a horn could be fabricated by 

etching a number of silicon wafers in EDP, and then assembling them together with 

a mismatch at the boundary. The waveguide-step analytical approach developed 

by Daya!an Kasilingam [5] is well suited for the analysis of this structure. The 

corrugations on the sidewalls could be tailored to attenuate the high-order modes, 

resulting in E and H-plane patterns of equal beamwidths. Theoretical calculations 

on horns with small flare angles predict good coupling efficiencies to large f-number 

optical systems.



Figure 1. A high-gain small effective flare angle horn.

Figure 2. A lens-corrected horn with a large flare angle.
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A high-gain horn could also be made using a large flare angle horn. The phase 

error at the aperture could also be corrected by inserting a dielectric lens in the 

pyramidal cavity (Fig. 2). The lens would provide the necessary phase shift such 

that the transmitted waves from the dipole arrive in phase at the horn aperture [6]. 

A 3.0λ horn at 94 GHz would require the fabrication of a 1-cm diameter lens. Such 

lenses are now easily machined in low-loss (Teflon or Polyethylene) dielectrics.

5.3 Doubly-Polarized Horn Arrays

In radiometric and remote-sensing applications, there is need for imaging arrays 

sensitive to two-orthogonal polarizations [7]. The dipole (or monopole) on the 

membrane yields a linearly polarized horn antenna. The cross-polarization level 

is about —18 dB in the 45° planes, with no measurable component in the E or 

H-planes. A doubly-polarized horn array could be fabricated by integrating two 

orthogonal monopoles on the same membrane. There are several disadvantages to 

this approach. The monopoles are very close to each other, and may couple strongly. 

Also, the symmetry of the dipole-horn structure is destroyed. Another approach is 

to suspend two membranes in the cavity, and integrate a horizontal and a vertical 

dipole on them (Fig. 3). As explained earlier in Chap. 2, there is region inside the 

cavity where the horn pattern is not sensitive to the dipole position. Both antennas 

will be integrated in this region. The co-polar and cross-polar patterns of the horn 

are given by the received power in the horizontal and vertical dipole, respectively. 

The dipole-horn symmetry is preserved, and therefore the horizontal dipole will not 

affect the E and H-plane patterns of the vertical dipole, and vice versa. However, 

there may be some coupling between the dipoles in the 45° planes. The resultant 

array has two monolithic wafers, processing two independent polarizations. This 

will ensure minimal coupling between the orthogonal polarizations.

5.4 Back-to-Back Horn Arrays

The local oscillator in a millimeter-wave heterodyne imaging system is gen-
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erally introduced quasi-optically to the antenna and detector. This is done by 

placing a quasi-optical diplexer in front of the imaging system [8]. The diplexer 

combines the L0 and the incident RF into a single beam with an efficiency near 

100%. However, it has a very narrow acceptance angle, and is not useful in a multi

beam system. An alternative approach is to place a beam-splitter in front of the 

imaging array. The penalty paid is a loss in the incident RF energy, which lowers 

the overall efficiency of the imaging system. To solve this problem, we have intro

duced the back-to-back horn imaging array. In this structure, two horn arrays are 

integrated back-to-back using appropriately stacked silicon wafers. The antennas 

are integrated on the membranes. The back-to-back horns are electromagnetically 

isolated from each other. The front-horn receives the RF energy, while the back- 

horn receives the local oscillator. The RF and LO are fed to a balanced-mixer [9]. 

In a typical system, the membranes will not occupy more than half the available 

space on the wafer, leaving plenty of room for the balanced mixer. The resultant 

intermediate frequency is amplified and routed to the bonding pads. The back- 

to-back horn array is entirely monolithic with both RF and LO antennas and the 

balanced mixer integrated on the same wafer. This approach does not require 

a beam-splitter, and the system efficiency, from a quasi-optical point of view, is 

limited only by the coupling efficiency between the RF antenna and the imaging 

optics.

The major obstacle in this project is the development of a monolithic millimeter 

wave balanced mixer. The mixer structure must be able to receive energy from both 

the RF and LO antennas, and provide adequate isolation between them. This could 

be done by integrating a 3-dB hybrid at millimeter wavelengths [9]. The input ports 

are connected to the antennas while the output ports to the mixer diodes. The 

amount of coupling and isolation is strongly dependent on the impedances of the 

antennas, mixer diodes and transmission lines. Rigorous electromagnetic analysis 

of the mixer structure is therefore required to design an efficient balanced mixer.
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5.5 Polarization-Duplexed Heterodyne Arrays

An efficient heterodyne imaging array could also be built by polarization- 

duplexing of the local oscillator and the RF signal [10]. The LO is introduced 

vertically polarized, while the RF horizontally polarized. Contrary to the case of 

a doubly-polarized imaging array, the LO signal would couple through the silicon 

wafer (Fig. 2—middle wafer) to a balanced mixer integrated near the RF antenna. 

Coupling networks through thick alumina substrates have been demonstrated at 

10 GHz [11], and exhibit a coupling efficiency higher than 98%. For millimeter- 

wave applications, the silicon wafer should be a low-loss high resistivity wafer, and 

its thickness controlled by the coupling circuit.

5.6 Coaxial Doubly-Polarized Horn Arrays

Courtesy of Kent Potter [12] and Dr. Herb Pascalar [13]

In both configuration proposed above, one must translate the RF and LO signals 

from the antenna to a balanced mixer integrated on the substrate. An increase in 

the performance of the system is possible if the balanced mixer is put directly in 

the RF and LO signal paths. This is achieved by the novel coaxial doubly-polarized 

horn array. In this design, the front and back wafers flare into rectangular H-plane 

sectoral horns [14] rotated 90° from each other (Fig. 5). This results in a discon

tinuity in the horn structure at the membrane position. The horn dimensions are 

chosen such that only a TEoι and a TEιo waveguide mode can propagate in the 

front wafer and back wafers, respectively. The RF and LO signals are horizontally 

and vertically polarized, and are received by the front and back horns, respectively. 

Each horn provides an effective back-shorting cavity to the other horn, due to the 

polarization cut-off properties of the H-plane sectoral horns. A balanced mixer 

(Fig. 6) is integrated on the membrane [13]. The balanced mixer is placed directly 

in the path of the RF and LO signals, and therefore has better conversion charac

teristics. As discussed earlier, the membrane is well suited for SIS-mixer detectors.
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Figure 5. A coaxial doubly-polarized horn.

Figure 6. The layout of the balanced mixer on the membrane.
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The coaxial-horn array leads intrinsically to a two-dimensional hexagonally 

spaced array. This is also an advantage because hexagonal arrays offer better 

imaging capabilities than their rectangular counterparts [15]. Also, the processing 

of a hexagonally sampled array offer substantial savings in computation time [16]. 

The front and back H-plane sectoral horns could also be tailored to produce E and 

H-plane patterns of equal beamwidths.

Finally, one could think of combining the ideas outlined above to design a 

high-gain back-to-back horn imaging array, or a coaxial doubly-polarized high-gain 

phased array. The phased array applications are most promising considering the 

recent advances in the fabrication of millimeter-wave devices and circuits. High- 

electron mobility transistors (HEMT) [17], and millimeter-wave monolithic phase- 

shifters and low-noise amplifiers are now available for frequencies around 60 GHz.
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