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Monolithic Millimeter-Wave Two-Dimensional
Horn Imaging Arrays
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Abstract— A monolithic two-di 1 horn imaging array has been
fabricated for millimeter wavelengths. In this configuration, a dipole is
suspended in an etched pyramidal cavity on a 1-um silicon-oxynitride
membrane. This approach leaves room for low-frequency connections
and processing electronics. The theoretical pattern is calculated by
approximating the horn structure by a cascade of rectangular-waveguide
sections. The boundary conditions are matched at each of the waveguide
sections, and at the aperture of the horn. Patterns at 93 and 242 GHz
agree well with theory. Horn aperture efficiencies of 44 + 4%, including
mismatch and resistive losses, have been measured. A detailed break-
down of the losses is presented in the paper. The coupling efficiency to
various f-number imaging systems is investigated, and a coupling effi-
ciency of 24% for an f\0.7 imaging system, including spillover, taper,
mismatch and resistive losses, has been measured. Possible application
areas include imaging arrays for remote sensing, plasma diagnostics,
radiometry and superconducting tunnel-junction receivers for radio as-
tronomy.

I. INTRODUCTION

ILLIMETER-WAVE imaging systems are becoming

important in many scientific and military applications
[11-[5]. They provide better resolution than microwave
imaging systems and are less affected by atmospheric condi-
tions than infrared systems. The use of a single detector in a
mechanically scanned imaging system is a well-established
technique for millimeter and submillimeter-wave imaging
[11, [2]. However, these scanning systems, whether elec-
tronic or mechanical, are inadequate in many 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 simultancously onto multiple sensors. A
millimeter-wave imaging array consists of a large number of
antennas with detectors, placed at the focal plane of an
imaging system (Fig. 1). The antennas are the feeds for
lenses and reflectors in the focusing optics, and the outputs
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from all the detectors make up the image. A monolithic
focal-plane imaging array is an attractive solution for an
imaging array. In these systems, the antennas and detectors
are integrated on dielectric substrates such as quartz, silicon
and gallium arsenide [6], [7].

Antennas on dielectric substrates suffer from losses to
substrate modes [8]. Researchers have attacked this problem
in several different ways. Twin-slot [9] and twin-dipole [10]
designs reduce the substrate mode power and improve the
patterns at the same time. Tapered-slot antennas use the
substrate mode on a relatively thin substrate effectively to
control the shape of the beam [11]. A lens is often mounted
on the back of the substrate to eliminate the substrate modes
[6]-[8], at the expense of relatively poor patterns [12] and
dielectric absorption losses, which may be severe at submil-
limeter wavelengths [13]. Recently, however, log-periodic
and spiral antennas have shown good patterns with a quartz
substrate lens [14], and a two-element Yagi antenna has been
successfully demonstrated on a TPX lens [15]. Another way
to solve the substrate problem is to integrate the antennas on
silicon-oxynitride membranes less than a micron thick. This
thickness is so small compared to a wavelength that the
antenna effectively radiates in free space. This eliminates the
substrate modes and the substrate lens, and allows the use of
free-space antenna designs and techniques [16].

Monolithic millimeter-wave imaging arrays have previ-
ously been limited to one-dimensional designs, although Yn-
gvesson [11], [17] has made two-dimensional arrays by stack-
ing linear arrays of tapered slot antennas. One problem in
two-dimensional arrays is that for efficient reception, the
effective area of the antenna must be comparable to the area
of the resolution cell, but at the same time there has to be
room for electronics and connections. We approach ths prob-
lem by fabricating a two-dimensional array of pyramidal
horns etched in silicon (Figs. 2, 3). Inside each horn is a
probe antenna suspended on a 1-pm thick silicon-oxynitride
membrane. The horn collects the energy incident on a resolu-
tion cell, and focuses it to the probe antenna on the mem-
brane. All of the probe dipoles, detectors and interconnec-
tions are integrated on the same silicon wafer. A major
advantage of this approach is that the probe antennas are
much smaller than a unit cell; typically the membrane occu-
pies less than 25% of the wafer surface, and the rest of the
wafer is available for connections and electronics. The dielec-
tric absorption losses are eliminated and the design can easily
be scaled for different wavelengths.

0018-926X/90/0900-1473$01.00 © 1990 IEEE
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Fig. 2. Millimeter-wave imaging system with a focal-plane imaging array.

II. FABRICATION

The horn array is a stacked silicon-wafer structure (Fig.
3). The back wafer acts as a reflecting cavity, while the front
wafer acts as the mouth of the horn. 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 probe antennas inside the pyramidal horns. The opening
on the back wafer is made equal to the size of the membrane,
to result in a pyramidal horn with smooth sidewalls.

The horns are made by anisotropic etching of silicon in an
ethylenediamine-pyrocatechol solution [18]. This widely used
etchant naturally forms pyramidal holes bounded by (111)
crystal planes in (100) silicon. The flare angle of the horn is
fixed by the orientation of the crystal planes at 70.6°, which
is larger than desirable. It may be possible to achieve smaller
flare angles with ion-beam milling or reactive-ion etching. It
is also necessary to align the mask openings to the (110)
crystal planes, because a misalignment increases the size of
the etched pyramidal cavity. To produce the membrane, a
silicon oxynitride layer is deposited on the front wafer using
plasma enhanced chemical vapor deposition [19], and the
silicon etched away to leave the free standing membrane. The
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Fig. 3. Side view of a horn array. The 242-GHz array is a two-wafer
stack, as shown here. It is also possible to stack more wafers; the 93-GHz
array has four wafers. The probe antenna is integrated onto the mem-
brane.

layer must be in tension to yield flat, rigid membranes.
Details of this process are available in [20].

After etching, the probe antennas, detectors, and connec-
tions are fabricated by standard photolithographic techniques.
The horn sidewalls are coated with gold to reduce the resis-
tive losses. The probe antennas are made of silver 1000 A
thick. The detectors are 4 pm-square bismuth microbolome-
ters [21] with a dc resistance of 140 €, and a dc responsivity
of 10 V/W at a bias of 100 mV. It should also be possible to
make superconducting tunnel junctions on the membranes.
The wafer stack is made by aligning the wafers in a mask
aligner, and gluing them with photoresist spread around the
corners. A completed horn is shown in Fig. 4. There is
typically a 20 um step in the pyramidal-cavity sidewalls
when any two wafers are joined together. This is due to a
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Fig. 4. A scanning electron micrograph of a finished horn element for 242
GHz. The misalignment between the wafers is 20 um.
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Fig. 5. A stepped waveguide approximation of a pyramidal horn. C; is the
first waveguide and C,,, is the membrane waveguide.

slight misalignment with the (110) crystal planes, and to
variations in the wafer thicknesses from batch to batch.

III. THEORY

The theoretical antenna pattern of a single horn-element is
calculated assuming an infinite two-dimensional array of
horns. It should be noted that we are not calculating the
pattern of a phased array, but rather the pattern of a single
element in a two-dimensional array. This is because we are
interested in a focal-plane array of antennas for multibeam
imaging applications. Since the horn dimensions are compa-
rable to a free-space wavelength, the horn-array has to be
rigorously analyzed using a complete electromagnetic solu-
tion. In this analysis, a horn-element is approximated by a
structure of multiple rectangular waveguide sections (Fig. 5),
and the fields in each waveguide section are given by a linear
combination of waveguide modes. This method has been used
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Fig. 6. Forward and backward traveling waves on a waveguide step (left),

and a waveguide section (right).

before in the analysis of waveguide transformers [22], and
recently applied to the analysis of a corrugated horn [23].
The fields in space are given by two-dimensional Floquet
modes [24]. 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 [25]. In our
analysis, we assume the horn to be a receiving antenna. The
pattern is found by calculating the received fields at the
position of an infinitesimal dipole inside the horn, for plane
waves incident at different angles. The effect of the mem-
brane on the incident radiation is neglected, since the mem-
brane is very thin compared to a free space wavelength.

A. Pyramidal Horn Characterization

In this section, the scattering matrices of a waveguide-step
junction and a linear-waveguide section are derived (Fig. 6).
A horn matrix H is then calculated, relating the fields in the
membrane section C,, to the fields in the opening section C,.
Finally, the Floquet modes in space are matched to the fields
in the opening waveguide, and the fields in section C,, are
calculated in terms of incident field using the horn matrix H.

The transverse fields (E,,ﬁ ;) in waveguide section (1)
Fig. (6) can be represented by a lincar combination of
transverse electric (TE) and (TM) waveguide modes [26],
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where p denotes either a TE or a TM mode, 2! is the wave
propagation constant and is real for a propagating wave and
imaginary for an attenuating wave, Y,2} is the wave admit-
tance for a TE/TM mode, and €%}, is a TE/TM eigenvector
normalized such that the power carried by a given wave is
proportional to the square of its coefficient (aZ! or b2!).
The fields in waveguide section (2) follow the same represen-
tation. The coefficients @2! and b7\, are unknown, and will
be calculated later in terms of the incident field on the horn

array. The boundary conditions at the waveguide-step junc-
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tion are the continuity of the transverse electric and magnetic
fields over the area A,, and the vanishing of the transverse
electric field on the area (A, — A,). Using the Galerkin
mode matching technique [27], we get a set of linear equa-

tions :

2 > (an, + b )Vikin

n m

= afjy + bijy
= Yi(an, - br)
2 X YAV (abin = biv)  (2)
N M
where V2122 s the scalar product between a TE/TM

eigenvector in waveguide section (1) and a TE/TM eigenvec-
tor in waveguide section (2), given by
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The fields in waveguide section (1) can then be related to the
fields in waveguide section (2) through the matrix equation

e )=, o)) @

where I is a unit matrix, Y, and Y, are diagonal admittance
matrices of the individual TE/TM modes in sections (1) and
(2), respectively. V is a scalar-product matrix of the eigen-
modes at the interface, and V7 is the transpose of V.
(a,, b)) and (a,, b,) represent the coefficients of the incident
and reflected fields for waveguide sections (1) and (2), respec-
tively.

The fields in a lossless-waveguide section (Fig. 6) are
related by a simple phase-delay matrix, given by

A 0 e\ [ &,
(bz)_(ew‘wm")/ 0 )(b'z)' (5)

The coefficients of the fields in the membrane section C,,
can be related to the coefficients of the fields in the first
section C, 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 C; is chosen to be small enough to have only rapidly
decaying evanescent waves. This section is assumed to be an
infinite rectangular waveguide with waves traveling only in
the negative z-direction. This is important for the numerical
solution because large exponential decay constants are
avoided. The boundary condition at C; relates the forward
and backward traveling waves in the waveguide sections.
This results in only one independent set of variables at C, to
match to the incident field.

i
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B. Matching to the Floquet Modes

The transverse fields in air (E,f , f:l,f ) can be represented by
a linear combination of TE and TM Floquet modes [24],
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Fig. 7. Incident plane waves for E- and H-plane pattern calculation.

where a§f and b/’ are the coefficients of the incident plane
wave and the reflected Floquet modes, respectively, and p,
Y24, Y,F/ and €2/, are in the same notation as the fields in
waveguide section (1). The orthonormalized set of eigenvec-
tors €2/ are derived from the potential function of a plane
wave incident on a periodic structure.

The same method is used to match the fields in air to the
fields in C,. The coefficients of the fields in waveguide
section C, can be related to the coefficients of the fields in air
through the matrix equation

5 Sl = [, e )[5) 0

where / is a unit matrix, Y, and Y, are diagonal matrices of
the individual waveguide and Floquet modes, and (ay, by)
and (ay, b;) are the coefficients of the incident and reflected
fields for C, and air, respectively. F is a matrix of the scalar
product between a TE/TM eigenvector in waveguide section
C, and a TE/TM Floquet eigenvectors in air, given by

plpf  _
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The incident field is a plane wave of unit amplitude and its
coefficients a§y are known. The coefficients of the reflected
Floquet modes b7/, and the coefficients of the waveguide
modes a/9 and b2% can be calculated in terms of the
coefficients of the incident field. The incident field is a TM,
plane wave for the E-plane pattern calculations, and a TEy
plane wave for the H-plane pattern (Fig. 7).

The theory developed above is valid for horns with any
rectangular cross-section, having an arbitrary separation be-
tween the horn apertures. The only condition is that the array
is periodic and infinite in extent. The horn was modeled
using 50 steps per wavelength, the smallest section C, being
0.2 \. In the case of E- and H-plane pattern calculations,
only certain waveguide modes are excited because of symme-
try. All relevant modes were considered up to M = N = 7.
The patterns were calculated for square apertures, with the
periods of the two-dimensional array, X, and Y,, taken
equal to the horn aperture C,. The separation between the
horn openings is neglected, since it is much smaller than C,.
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normal to the aperture.

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 re-
flected modes must equal the power in the incident
modes. This is true because an infinitesimal dipole does
not absorb any power, and the walls are assumed to be
lossless.

2) Boundary conditions—the fields at C, calculated from
the waveguide-modes representation must match the
fields calculated from the Floquet-mode representation.

3) Reciprocity theorem—the coupling between any two
Floquet modes must remain the same if the incident and
reflected modes are interchanged.

IV. DESIGN OF THE HORN STRUCTURE

The horn structure is designed to produce a desirable
radiation pattern for an imaging system. The variable param-
eters are the dimensions of the horn and the position of the
dipole inside the horn. Fig. 8 shows the normalized electric
field along the horn axis (starting from the apex) for a plane
wave incident normal to a 1.5 A square horn array. At a feed
position smaller than 0.35 A, the membrane cross section is
smaller than 0.5 \, and the fields decrease uniformly because
all the waveguide modes are in the cut-off region. There is
also a defocusing effect around a feed position of 0.92 \. The
patterns calculated at feed positions of 0.42 A, 0.56 A, and
0.71 A show good horn patterns, indicating a wide horn-
bandwidth. Also, the pattern at 0.42 X\ was better than the
pattern at 0.56 A. This shows that the point of maximum field
intensity is not necessarily the point which gives the best
radiation pattern.

Imaging arrays with square horn apertures of 1.0 A\, 1.45 A
and 2.1 N were fabricated for 242 GHz, and a 1.0 A array
was fabricated for 93 GHz. In all cases, the feed position was
0.39 \, and the membrane side length was around 0.55 A.
The probe antennas were \/4 dipoles with an integrated
coplanar-strip isolation filter (Fig. 9). The coplanar strips are
designed to have a characteristic impedance of 200 € when
suspended on the membrane, (calculated from the quasi-static
solution to coplanar strips in free space [28]), and an
impedance of 4 Q@ when sandwiched between two silicon
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Fig. 9. Quarter-wave dipole with a low-pass filter on the membrane.

wafers. The quarter-wave section of coplanar strips trans-
forms the 4 Q impedance into a very large parallel impedance
at the dipole apex. The bolometer presents there a much
lower impedance, and therefore absorbs all the received
power.

V. MEASUREMENTS

Microwave measurements were made on a 3 X 3 scale
aluminum model of the 93 GHz array at around 7.3 GHz to
determine the impedance of the dipole probe antenna inside
the pyramidal cavity. A coaxial line feeds a dipole antenna
and a coplanar-strip transmission line which is shorted \/4
away from the feed. This design has two purposes. It models
the coplanar strips on the membrane effectively, and it pro-
vides an effective balun [2] for the coax-dipole feed. The
measured impedance, 50 © + j95 Q, is highly inductive. The
93-GHz antenna will have an additional series resistance
resulting from loss in the metal. The dipole thickness is only
about a third of the skin depth, so that we can safely take the
RF series resistance to be the same as the dc series resis-
tance, which is approximately 4 . The estimated 93-GHz
antenna impedance is thus Z, = 54 Q + j95 Q.

Millimeter-wave measurements were made 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 Millitech waveguide-tripler
fed by an 80.7 GHz Gunn diode modulated at 1 kHz. The
power output of the tripler was about 1 mW. The detected
signal was fed to a lock-in amplifier. Care was taken to
reduce scattering from the antenna and source mounts.

Measurements were made in the E- and H-planes and 45°
planes of both the co-polarized and cross-polarized compo-
nents. Full two-dimensional scans were also made of the
co-polarized component. Patterns measurements were made
on four different elements within the imaging array. Single
clement patterns are given here; the results for the other
elements are very similar. No measurements were made on
elements at the edge of the array.

VI. PATTERNS: THEORY VERSUS EXPERIMENT

The measured patterns at 93 and 242 GHz show good
agreement with theory (Figs. 10-15). The E-plane pattern of
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Fig. 10. Typical E-plane (a) and H-plane (b) patterns measured at 93 Ghz
ona (7 x 7), 1.0 \ imaging array. Notice the ~ 14 dB sidelobes in the
E-plane.

the 1.45 \ array measured at 242 GHz does not exhibit any
sidelobes. We attribute this to losses in the cavity sidewalls,
which were not coated by a gold layer. In contrast, the
sidewalls for the 93 GHz array were gold coated, and the
E-plane pattern of the 1.0 A array measured at 93 GHz (Fig.
10) shows slight gain suppression at normal incidence and
sidelobes as predicted by the theory. The sidelobes result
from the incident energy scattering into successively higher
order Floquet modes. A 1.0 X array was constructed for 242
GHz which did not incorporate gold plating on the horn
sidewalls. The measured patterns (not shown) were similar to
the 93 GHz 1.0 A array except for the absence of sidelobes.
The discrepancy between theory and experiment in the E-
plane pattern of the 2.1 N\ arrays (Fig. 12) can also be
explained by the large resistive sidewall loss. In this case, the
cavity was not gold coated, and the silicon wafer was lightly
doped.
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Fig. 11. Typical E-plane (a) and H-plane (b) patterns measured at 242

GHz on a (9 x 9), 1.45 X imaging array. The zigzags on the measured
E-plane pattern are due to scattering from the antenna mount.

The horn antennas were linearly polarized parallel to the
probe dipole. The cross-polarized component at normal inci-
dence was limited by the noise floor, which ranged from
—20 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 about normal incidence, and showed a
peak cross-polarized component at +60° (Fig. 13).

Tabulated in Table 1 are the exact dimensions of the
imaging arrays, with the corresponding measured 3- and
10-dB beamwidths of the E- and H-plane patterns. The
calculated directivities from the co-polarized two-dimensional
scans show a decreasing horn-aperture efficiency with in-
creasing 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 (nonuniform field
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distribution) and phase errors. Also, the H-plane pattern
narrows with increasing aperture size, while the E-plane
remains the same after 1.45 \. This is due to the boundary
conditions at the horn aperture.

VII. HORN-APERTURE EFFICIENCY AT 93 GHz

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. To
measure this, we must calibrate the bolometer, and measure
the gain and the power transmitted from the source. Details
of the procedure are given in [20]. The measured horn-aper-
ture efficiency is 44 + 4%, or —3.6 dB.

It is important to account for the different contributions to
the measured loss, because this indicates the potential for
improvements. Table II gives the breakdown of the losses.
The total calculated losses are 3.4 dB [20]. The largest loss is
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(7 x 7), 1.0 \ imaging array (b).

the 2.2 dB dipole mismatch loss between the probe dipole
and the bolometer. It is given by the formulad4R,R,/| Z, +
R,| 2, where R . 1s the antenna radiation resistance (50 ),
R, is the bolometer resistance (138 Q), and Z, is the
antenna impedance (54 + j95 Q). The next biggest loss is
resistive loss in the horn sidewalls, which is equal to 0.7 dB.
In this case, the 93 GHz horn array was assembled from four
different stacked wafers, and the membrane wafer was not
gold coated. It should be possible to reduce the mismatch and
wall losses, if all the horn sidewalls are gold coated, and the
antenna is matched. The aperture efficiency of a 1.0 A square
horn should then be around 88%.

VIII. SysTEM 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
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Fig. 14. Measured two-dimensional scans of a (7 X 7) array at 93 GHz.
Vertical scale is linear in power.

4
» ’;”’/I” 1
iy

72 ‘

LN ”

2 i Iy

:,;’-/‘l,tl.l”l/’,t ‘,‘

)
HH

. degrees

Fig. 15. Measured two-dimensional scans of a (9 X 9) array at 242 Ghz.

Vertical scale is linear in power.
TABLE I
MEASURED 3-dB AND 10-dB BEAMWIDTHS OF SEVERAL
MILLIMETER-WAVE IMAGING ARRAYS.

Array 10X {1457 |21
f GHz 93 242 242
Co/X 1.01] 142 2.09
Sep./A 0.02 0.03 | 0.02
Siubr 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° | 70°
D, 1.9 | 173 | 21
€cp 95% | 67% | 38%

“*Sep.”” is the separation between two openings C,y, and S, is the

percentage of the space on the wafer occupied by the membranes and the
antennas.
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TABLE 11
CALCULATED AND MEASURED HORN APERTURE-EFFICIENCY LOSSES
Intrinsic Pattern Loss -0.2dB
Mismatch Loss -2.2dB
Horn-Sidewall Loss -0.7dB
Cross-Polarization Loss -0.2dB
Horn-to-Horn Coupling Loss | -0.1 dB
Total Calculated Loss -3.4dB
Total Measured Loss -3.6dB
F-Number
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Fig. 16. Coupling efficiency of a horn element in a 1.0 A\ imaging array.
Measured points, indicated by circles, include the mismatch and resistive
losses in the horn element, and the taper and spillover losses of the lens.

incident on the primary lens, when the lens is illuminated by
a plane wave. The coupling efficiency of the 1.0 A imaging
array was measured at 93 GHz for systems of different
J-number (Fig. 16). These were produced by placing aper-
ture-stops over the lens. We found that 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. If matching and
sidewall losses were eliminated, the efficiency would be
54%. This agrees with the theoretical coupling-efficiency of
60% [30].

The distribution of power in the focal plane, for an inci-
dent plane-wave normal to the lens, was measured for two
separate lenses with f-numbers of 1.1 and 0.7, respectively
(Fig. 17). The sum of the total power on the focal plane
yields a total coupling efficiency of 25% for both lenses. The
lens Airy pattern [31] has a first dark-ring radius of 0.61 A
and 1.22 X for an f10.7 and f\ 1.1 lens, respectively. The
center element receives 96% of the total power incident on
the focal plane for an f1\0.7 lens, and 56% for an f\1.1
lens. There is then a strong optical coupling between the
elements for an f\ 1.1 lens, i.e., for a diffraction limited
imaging array. Hence, a significant fraction of the power
appropriated to the central element is distributed among
adjacent elements, and this central element also receives
power appropriated to its neighbors. This optical coupling
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Fig. 17. Distribution of power in the focal plane as a percentage of the
total power incident on the lens, for f1 0.7 lens (a) and £\ 1.1 lens (b).

will blur the image, although in principle, the information is
recoverable by coherent processing. On the other hand, the
optical coupling in a f\0.7 system is negligible, and the
coupling efficiency to the central element is much larger. The
penalty paid is an undersampling of the image.

IX. CoNcLUSION

A new monolithic millimeter-wave two-dimensional horn
imaging array has been presented. This novel configuration
allows ample space for low-frequency interconnections, while
still maintaining efficient diffraction-limited imaging. The
array is analyzed rigorously by approximating the horn an-
tenna by a structure of multiple rectangular waveguide sec-
tions. Pattern measurements at 93 and 242 GHz agree well
with the theory, and display a centralized peak in the E- and
H-plane patterns. The results show that horn antennas with
an opening between 1.0 A and 1.5 N have high aperture
efficiencies and would couple to appropriate imaging systems
well. A horn aperture efficiency of 44% + 4% was measured
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at 93 GHz on a 1.0 \ imaging array. Microwave modeling at
7.3 GHz indicates that the major loss component is the
mismatch loss between the probe dipole and the detector. The
other main contribution arises from the horn sidewalls. It
should be possible to reduce the mismatch and wall losses,
and thus result in a 1.0 N\ imaging array with an aperture
efficiency around 88%. A system coupling efficiency of 24%
has been measured at 93 GHz for a f/0.7 imaging system
including spillover, taper, mismatch and resistive losses. The
distribution of power in the focal plane indicate that the
imaging array is well suited for diffraction-limited imaging.
Finally, the horn-array could be used as a monolithic phased
array, with the power combiners and phase shifters occupy-
ing the available space near the antennas.
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