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Abstract—A monolithic load switching twist reflector (LSTR)
has been built and tested for use in 94 GHz passive imaging
cameras. In this paper, we describe the LSTR component, which
switches between the dual roles of load comparison in a radiome-
ter and” reducing the length of the camera. Radiometric and
quasioptical tests show that the array has an insertion loss of
0,25 dB and a switching ratio of >20 dB. This active array of
p-i-n diodes can replace the mechanical choppers often used in
load comparison.

I. INTRODUCTION

M ILLIMETER-WAVE imaging systems are being devel-
oped for detecting metallic or nonmetallic contraband

concealed under people’s clothing [1]. Plastic weapons and

explosives concealed under clothing present unique challenges
to conventional detection technology. Common techniques

that can reveal n~nmetallic, nonmagnetic materials involve

X-rays or high energy neutrons [2], which cannot be safely
used on a living subject. Most clothing is opaque to infrared
wavelengths. Passive millimeter-wave imaging exploits the
difference in emissivity between a human body and hidden
contraband without irradiating the subject or generating signals
which could be monitored by an adversary. These features
make it a preferred method for scanning humans for contra-
band.

A passive millimeter-wave camera detects and processes
the emitted radiation from the subject and contraband. It then

generates a picture comprising pixels, which are encoded by
color or black and white to display varying signal strength.
The contraband shows up as a silhouette against a human
body. This technique requires a high sensitivity heterodyne
receiver to distinguish small differences in emissions at low

power levels.
Load comparison is a necessary part of such a receiver to

remove the effects of gain fluctuations of receiver components

which can mask the detection of small scene contrast changes.
In the load comparison mode, the receiver alternately compares
the scene to a reference load at a rate high enough to overcome
the low frequency peak of the receiver gain fluctuation spec-
trum. The load comparison must also be done in such a manner
as to not cause visible blanking of the resulting image. The
observation by all channels of the same comparison load also
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Fig. 1. Unfolded and foldecl optics.

facilitates channel to channel gain normalization, also known

as flat fielding. Most research radiometers use a waveguide
switch or a mechanical chopper for load comparison, but
with focal plane arrays this method is ‘too cumbersome for

commercial or law enforcement applications.
In addition to performing the load comparison function, the

LSTR with a quarter wave plate is an essential component
in the camera’s compact optics configuration. This layout,
shown in Fig. 1, shortens the distance between the feed and
the lens by about a factor of 3 compared to the unfolded
version. Following the path of the beam in Fig. 1, the beam
is launched from the feed and is incident on the transreflector.

The trausreflector is a dielectric slab with parallel metalized
lines in one direction. The field component parallel to the
lines is reflected and the perpendicular component transmits
through. The reflected beam is incident on the twist reflector.
A passive twist reflector can be a metal disk with A/4 deep
slots cut at 45° with respect to the incident field polarization,
or it can be a quarter wave plate mounted against a flat plate.
The field incident on the twist reflectc~r has one polarization
component delayed with respect to the other by 180° on
reflection, with the result that the exiting beam is in the
orthogonal polarization state. The beam is now perpendicular
to the lines in the trausreflector and transmits through and
is focused by the lens. This optics configuration results in a
sensor which is sensitive to a single linear polarization.
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Fig. 2. A cross section of the load switching twist reflector.

The cross section of the LSTR is shown in Fig. 2. This
device comprises a slotted dielectric quarter wave plate, the
monolithic diode array, an absorbing layer with an antireflec-
tion layer, and a metal back plate for structure and temperature
control. When the p-i-n diodes are biased OFF the LSTR
reflects the incident signal because the monolithic array and
the quarter wave plate are a twist reflector. With the diodes
biased ON the power emitted from the scene transmits through
the wave plate and the monolithic array to the load, while a
noise source (not shown) transmits directly into the focal plane
array. This occurs during 1/1 8 of the duty cycle.

The system requirements of the LSTR array are 1) a good
switching ratio, or a difference of >17 dB in reflected power
between the diode ON and OFF states, 2) low insertion loss,
which means that the power must be reflected without loss
when the array is biased OFF, and 3) a low excess radiometric
noise level. In the diode off state the LSTR array delivers
power from the scene to the focal plane array. Any loss
in reflected power is detrimental to the performance of the

camera. During the transmission state the return loss from the
monolithic array should be at least 20 dB below the reflected
power level in the diode OFF state. There is no requirement
for insertion loss through the tiles during the ON state, as the
power is absorbed by the load.

The 17-dB switching ratio is determined by the efficiency
q of the switch. A perfect switch with a very high isolation
has ~ = 1. If no frequency or time dependence are assumed,
the following derivation gives the required switch ratio. The
camera is used to view a scene characterized by an equivalent
brightness temperature distribution Tb(d, q) [K]. The scene

antenna temperature TAi of the ith channel is given by the
convolution of ‘T6(6’,p) with the antenna gain gi of the sensor’s
ith channel. The antenna temperature of each independent
channel is

TAi = //Tb(6,~)g~(6–~i,(p–pi)df2[K]. (1)

The square law detected output of the ith channel when
viewing the scene is given by

‘t)A~ = Gi (TRz + TAi) + Voi (2)

where G~ = gain of the ith receiver channel, TRZ = noise
temperature of the ith receiver channel, and vOZ= the dc offset.

The output when viewing a comparison load with effective

temperature TL is given by

wLi = Gi(TR~ + TL) + v~i. (3)

When the load switch is inefficient, the camera observes
both the load and the scene simultaneously. The output voltage
from the load is then

tJLi = G;[TRi + VTL + (1—q)TA] + Voi. (4)

TL is the same for all channels using the LSTR. Using a load
comparison algorithm, the difference V.i between the receiver
scene and the load detected output is

when the switch efficiency is factored in. The expression in

(6) is the signal and when ~ is less than unity, the signal-to-
noise ratio degrades. For a switching ratio of 17 dB, 270 of
the power is lost.

In order to minimize the effects of gain fluctuations we see
that

AVci = A(Gi~(TA; – TL)) (7)

and the effect of the gain variations AGi is minimized as
TAi % TL, i.e., as (TA – TL) -0. When TAi = TL the load
comparison radiometer is “balanced.” For concealed weapons
detection applications, Tb varies between room temperature
(w293 K) and body temperature (~304 K). The comparison
load will be between 303 and 313 K, thus there is an
approximate balance. The load comparison switching rate must
be rapid enough to overcome the low frequency peak of the
receiver gain fluctuation spectrum.

II. DESIGN OF THE MONOLITHIC ARRAY

The monolithic array is a later version of the one developed
by Stephan, Spooner, and Goldsmith [3]. It is a 230-mm
diameter mosaic of 12.7 x 12.7 mm tiles. Each tile has an
active mesh on one side, a passive mesh on the second side,
and a p-i-n diode between the nodes of the active mesh in both
dimensions. The active mesh shown in Fig. 3 has rectangular
geometry which lends itself to analysis more easily than the
earlier design with dots. The passive mesh has only the 2
dimensional array of metal strips with the same metallization
pattern as the active side. The meshes have a grid period of 70
pm and are fabricated on a 255 & 5-~m-thick GaAs substrate,
which is 22 pm thicker than A/4 in GaAs. p-i-n diodes have
low series resistance when forward biased and high resistance
when unbiased or reverse biased, and are often the ideal device
for switches. The diode array is 2 dimensional because of the
requirement that the power must transmit through the array
during part of the duty cycle. An array of l-dimensional strips
against a reflector would constitute only the twist reflector
and exclude the load comparison function. In principle, a one-
dimensional (l-D) array could be fabricated on each side of the
tile, with the strips orthogonal. However, the fabrication and
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Fig. 3, A photograph of the active monolithic array.
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Fig. 4. The equivalent circuit used in the monolithic diode array model, with
the mesh (m) and diode (d) components.

biasing would be arduous. The two-dimensional (2-D) array
with one active surface is the simplest to fabricate and has the

additional advantage of not losing an entire strip if one diode

shorts or opens, thus making the tile yield higher.
The design software is a proprietary transmission line model

[3] that calculates the power transmitted through and reflected
from as many as four dielectric layers, two of which may
have a 1-D strip array or a 2-D mesh. The meshes may have
one or more diodes between the nodes of the mesh, and the
strips may have diodes spaced at an interval that is equal to
the grating constant. The user inputs the diode capacitance and
series resistance, the grid spacing and strip width, the thickness
and dielectric constant of the layers, and air gaps if any. The
equivalent circuit for the mesh with the diodes shown in Fig. 4
is very similar to Fig. 4 of [3].

III. TILE FABRICATIONAND TESTING

All processing of the LSTR tiles was done at Millitech
Corporation’s (now Millimetrix) semiconductor facility. The

MOCVD grown wafers consisted of a l-,um P+ layer, a l-~m
undoped I layer, and a 3.5-#m N+ layer on a semi-insulating
substrate. Anodes were formed by lifting off a P+ ohmic met-
allization followed by a wet chemical etch to remove unwanted
P+ epitaxial material down to the I layer. After photomasking,
a second etch to expose the N+ layer and subsequent N+
ohmic metal lift off formed the cathodes. Both ohmic metals

Fig. 5. A photograph of the p-i-n diode

were alloyed in the same step. A wet chemical etch was next
used to form diode mesas and the exposed semi-insulating
material was probed to insure isolation. An evaporated metal

lift off formed the circuit metal which was then coated with a

silicon nitride dielectric using a UVCVD process. The dielec-

tric was reactive ion etclhed to expose circuit areas. Air bridges
connecting the anodes to the circuit were formed by masking a
contact metal on supporting photoresist and then gold plating
the exposed areas. All circuit areas were plated at the same
time. The contact metal and photoresist layers were then

stripped back and all cliodes evaluated using an autoprober.
With front side processing now completed, the wafers were

thinned and polished in preparation for the back side metal lift

off. Wafers were then rc-probed and the tiles diced to separate

them. A photograph of a p-i-n diode is shown in Fig. 5.

RF testing of the tiles is performed on a quasioptical

test bench shown in Fig. 6, In this setup we measure the
transmitted and reflected power swept from 88 to 102 GHz.
To avoid overheating the tiles the bias is pulsed at 30 Hz rate
with a 1/18 duty cycle. These measurements are automated and
computer controlled far testing large quantities. Calibration
in transmission and reflection was done, respectively, by
measuring the amplitude of the power transmitted through

an empty sampleholder and reflected (off a flat metal mirror
held in the samplehold.er. The power shown in the data are
referenced to these calibrations which are normalized to zero

dB in the plots. We measured the tiles cluring 3 different states
of the bias pulse; on, off, and as it ramped up. For all data,
we found no difference in the tile response between power off
and ramping up.

The lenses are matclhed with antireilection slots J/4 deep

and the return loss is below –25 dB. The beam waist at the

sampleholder is about 0,6 cm, Using the approximation for
edge taper of TE(dB) := (a/ .339w(z))2 [4] the edge taper of
the beam in the fixture is about 15 d13, which is considered
inadequate for quasioptical testing. In the next section on

radiometric testing we show that we measured the same result
for the insertion loss using a larger array of the tiles and a
different technique.
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Fig. 6. Block diagram of the pulsed transmission and reflection measurement system used for testing the monolithic tiles.
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Fig. 7. Predictions of the monolithic diode array tile performance, (a) with
the diodes biased and (b) with the diodes unbiased.

Fig. 7 shows the predicted performance for the diodes

biased ON and OFF. The solid and dotted lines represent
transmitted and reflected power, respectively. The change in

reflected power between the ON and OFF states is 21 dB,

which exceeds the minimum performance requirement of 17

dB. The –4-dB insertion loss in the transmitted power/diodes
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Fig. 8. Test data taken with the diode bias current pulsed, transmitted power
and reflected power.

ON is predicted by the program to stem from series resistance
in the diodes and circuit, and dielectric loss in the substrate.
Actual data are shown in Figs. 8 and 9. Fig. 8 shows trans-
mitted and reflected power for the biased state. The insertion
loss is 10 dB, 6 dB more than the model predicted. The null
in the reflected power shows that there is no loss to unwanted
reflections. Fig. 9 shows that for bias OFF and when the pulse
is just ramping up all but O.1–0.2 dB is reflected.

For the case of diodes ON, the actual transmitted and
reflected power levels are less than the predicted values by 6
dB and 3 dB, respectively. Two possible explanations are (1)

scattering and (2) an error in the predictions. The grid period
of O.22}0 is conservative and the tiles are located at the beam
waist with a 15 dB edge taper, which accounts for some but
not all of the loss. We do not observe 6 dB of unaccounted-for
loss or noise when the larger arrays are tested radiometrically,
or when known dielectric samples are measured in the RF test
bench. In any case, the power transmitted in the diodes ON
case is lost to the absorber behind the tiles and does not affect
the operation of the switch in its intended application.

IV. RADIOMETRIC TESTING

A 6 x 5 tile array with a quarter wave plate and load
was tested radiometrically. We needed to determine (1) the
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Fig. 10. Block diagram of the radiometric test bench used for measuring the 6 x 5 tile array.

radiometric noise and (2) whether the diode current adds noise
to the system, as it would with IMPATT’s. A test set-up for
LSTR radiometric testing is shown in Fig. 10. The LSTR was

one of the devices under test (DUT) in the Figure. The test

setup measures the Y-factor, which is the ratio of the power
detected when the system receives emissions from the warm

and cold loads, respectively. The hot and cold temperatures
are assumed to be 295 K (TH ) and 80 K (~c), respectively.
The noise temperature of the system is given by

T~ = (TH – YTC)/(Y – 1).

A warm load comprising a chopper with a microwave

absorber material is placed in front of the cold load to do the
Y-factor measurement when the components of the set-up are
tested separately. In the baseline system calibration tests the
receiver, feed, chopper wheel, and cold load are in a straight
line. We measured the noise temperature of the receiver, then

sequentially added the grid and the lens to determine the
noise temperature of each set-up component. The calibration
determined the radiometer sensitivity in Kelvins per volt using
an aluminum reflector in place of the 6 x 5 LSTR array in
the twist reflector, The amplitude of the switched signal was
measured as a function of bias current. The results are shown
in Table I.

TABLE I
BIAS CURRENTVERSUSRELATIVENOISE TEMPERATURE, LSTR ARRAY

I. Amps Rel. Noise Temperature K

0.0 177

0.5 174

1.0 186

1.5 193
2.0 199

2.5 203

3.0 203

A lossless LSTR would yield 21!$ K, the same as the

aluminum reflector in the calibration. The loss of the array
is given as 10 log(203/215), or –0.25 dB at 3A. This is in
excellent agreement with the reflected power measurements
shown in Fig. 9.

V. APPLICATION TO AN IMAGING CAMERA

A photograph of the 204-tile LSTR array is shown in
Fig. 11. The outer diameter is 230 mnm and the ’76 x 76-mm
hole in the center accommodates the focal plane array. This
array and others like it have been implemented into imaging
cameras.
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Fig, 11. Photograph of a section of the 204-tile LSTR array.

VI. CONCLUSION

We have described the design and test results of a 6 x
5 element monolithic array of p-i-n diodes used for load
comparison at millimeter waves. The insertion loss under

operating conditions is –0.25 dB and the maximum switching
ratio is 24 dB, as measured by quasioptical and radiometric

techniques. The switch ratio of 20 to 24 dB and the 0.25-dB
insertion loss give a switch efficiency 0.93 < ~ < 0.94. A
much larger array of 204 elements, each 12.7 x 12.7 mm, has
been implemented into a 94 GHz imaging camera.
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