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Abstract

This paper is Part II of a series of articles on Terahertz heterodyne imaging. In
Part I introductory information and techniques were presented. In this paper the
authors describe four different types of heterodyne imaging instruments that have
been established at their facilities. In Part III (to appear in a future issue of this
journal) selected applications of these instruments are discussed.

1. Introduction

Heterodyne imaging techniques were reviewed in Part I of this paper. In this sec-
tion the authors describe several instruments that have been set up to perform im-
aging in the wavelength range between 200 GHz and 2.5 THz. These instruments
are representative of the variety of heterodyne techniques available to the general
research community. One of the instruments is based around a commercially
available millimeter wave network analyzer. The others can be assembled from
components that are available in one or more RF specialty companies [1]. The
suite of instruments described is by no means meant to be all inclusive, nor are
the instruments inexpensive or easily assembled. However as interest in CW tera-
hertz techniques grows, it is hoped that more vendors will enter the component
market and instruments such as ours will become more available. There is still a
wide range of applications that have yet to be fully explored with terahertz het-
erodyne techniques (see Part III of this series) and the instrument complexity and
capability is still extremely primitive in comparison with either infrared or even
millimeter-wave systems. So far all realized systems take the form of scanned
single pixel or modest (<10) multipixel arrays. The submillimeter-wave camera is
still one of the author’s long sort after dreams [2], but slow progress is being
made and perhaps it is not too far fetched to accept the goal of one company rep-
resentative the author recently communicated with, who envisioned a Terahertz
camera on the shelves of K-Mart® within the next ten years!
631



632 Siegel and Dengle

I1. Heterodyne Imaging Systems

For purposes of this discussion active imaging is taken to mean artificial illumina-
tion of the scene by an external coherent RF source. Passive imaging will refer to
scenes which are illuminated only by the incoherent background. Note that artifi-
cially generated incoherent illumination can be added to a scene via background
thermal or noise sources. These might include incandescent or heat lamps as well
as plasma discharge sources or fluorescent lighting. In either instance, imaging
can be via reflection, specular or scatter, or transmission or a combination of both.
Heterodyne techniques can be useful for both passive or active imaging, and in
fact, in many instances the NEAT is low enough so as to simultaneously employ
the same system for both observing modes by simply turning off (or chopping)
the coherent illumination source. Some practical features of heterodyne imaging
systems, that may sway the user in a particular application, are as follows. In ac-
tive imaging using a coherent source, the detection and illumination source band-
widths can be optimized for noise, dynamic range, S/N or specific scene attributes
(spectral line width for example). From the hardware point of view, since hetero-
dyne instruments already require modest levels (microwatts-to-milliwatts) of
source power to serve as the local oscillator, there is little added complexity in
duplicating such sources to serve as coherent illuminators at slightly different RF
frequencies. Magnitude and phase information are supplied at a frequency which
is readily manipulated and above the 1/f knee of electronic components. In the
terahertz regime a wide range of planar, dielectric, horn or lens antennas are
available for beam forming, and heterodyne rectifying devices can be both im-
pedance and field matched with high efficiency to these antennas. Signal process-
ing is extremely flexible and, although it has not been tried on a large scale as yet,
it is possible to form focal plane array cross-correlation receivers that enable in-
terferometric, multipixel subarray beam forming, electronic beam steering or tele-
scope error correction capabilities [3,4]. Finally, with the addition of a swept LO,
or a swept illumination source and wide IF bandwidth, active heterodyning pro-
vides the same wealth of capabilities available in sophisticated radar systems,
including range finding, 3D terrain mapping, synthetic aperture synthesis, etc.

Despite significant functional advantages, the difficulties associated with estab-
lishing and operating heterodyne instruments in the terahertz regime are substan-
tial. This is due largely to two things. First, a lack of commercial component
technology for the RF source and downconverter modules (transmit/receive sys-
tems). Although this situation is slowly changing, there are still no (or at least
very few) commercial RF parts that can be procured above 1 THz. Second, there
is no demonstrated technique for forming large multipixel heterodyne imagers at
any wavelength above 100 GHz. This is due to the complexity of having to deal
with three widely different signals within the same detector — LO, RF and IF. The
few small (<10 element) heterodyne arrays that have been realized in the submil-
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limeter rely on close packing individual single pixel waveguide receivers with
non optimal fill-factors [5,6,7,8]. Several clever millimeter wave array systems
have been constructed in W-band (generally centered around the 94 GHz atmos-
pheric window) but all are fairly bulky and expensive [9,10,11,12,13]. Focal
plane direct detection arrays are much easier to realize in this frequency range for
the reasons stated, (no LO and simple DC output) and there are many viable de-
signs from the late 1980’s to the mid 1990’s for submillimeter-wave array con-
cepts developed largely for the radio astronomy community
[14,15,16,17,18,19,]. Only a few of these however [20] were ever tested in het-
erodyne mode. Much less funding, and hence less research activity, has gone into
this area (at least in the US) in recent times, in spite of sporadic recurring interest
from both defense and civil agencies'.

As an introduction to heterodyne imaging instrumentation we describe four sys-
tems that have been set up in the author’s laboratories — one passive and three
active. These are representative of what is currently available in the wavelength
range between 1 mm and 100 microns and serve to illustrate both system trade-
offs and operational pitfalls. They include custom, commercial and mixed cus-
tom/commercial implementation. In parallel with these early trials other submil-
limeter-wave heterodyne imaging systems have been demonstrated [21,22,23]
and there are, as mentioned, a variety of lower frequency passive systems that
have been deployed for several, including some pioneering work above 100 GHz
by JPL’s Bill Wilson way back in 1986 [24].

II.1 Active Heterodyne Imager using Fixed RF and LO Sources for 2.5 THz
Our interest in heterodyne imaging began several years ago after completion of an

Earth sounding instrument that measures the thermal emission signatures from
dozens of upper atmosphere molecules involved in ozone depletion, global water
distribution, pollution monitoring and volcanism [25]. That instrument, Aura Mi-
crowave Limb Sounder, carries fixed frequency, broad IF, heterodyne radiome-
ters centered near 110, 180, 240, 640 and 2520 GHz. In order to explore the im-
aging capabilities and pitfalls in the higher end of this frequency range we util-
ized spare parts from this instrument [26,27] and two commercial far-IR gas la-
sers [28], and assembled an active heterodyne system centered at 2522 GHz

[29,30].

' NASA has been interested in submillimeter-wave heterodyne array technology for
many years, driven by receiver requirements for past and future space observatory
instruments such as Large Deployable Reflector and more recently Single Aperture
Far InfraRed observatory (SAFIR). However, funding in the past five years has gone
mostly into high sensitivity sub-4K direct detection arrays. The US Defense Ad-
vanced Research Projects Agency (DARPA) has also had at least two recent proposal
calls for submillimeter-wave array technology development in support of imaging for
security and terrain mapping applications.
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Fig. 2 (a). Block diagram of 2.5 THz heterodyne imaging system based on CO,
pumped far IR gas lasers and room temperature Schottky barrier diode mixers.
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Fig. 2(b). IF portion of heterodyne imaging system showing locking and com-
parator as well as lock-in detection scheme.
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A block diagram of the imaging instrument appears in Fig. 2a. Key components
include the signal and local oscillator sources, consisting of two commercial far-
IR gas lasers, a far-IR beam expander for producing the desired f~number signal
beam from the laser output, silicon etalons for RF/LO beam diplexing, two THz
heterodyne down converters (room temperature Schottky diode mixers), two low
noise wide band output (IF) amplifiers, a custom microwave phase and amplitude
tracking circuit, and a commercial RF lock-in amplifier for recording the detected
signal. The imager operates by focusing and then passing the signal at 2522 GHz
through a provided sample, and then raster scanning the sample itself (via an X-Y
stage) through the fixed beam. After passing through the sample, the output
power is collected by a mirror, collimated and then refocused into the Schottky
diode mixer, whose IF output power and phase are recorded as a function of sam-
ple position. The instrument has a realized dynamic range of 110 dB, a sample
acquisition time (limited by the speed of the X-Y positioner) of approximately
100 pixels/second and a focal spot diameter (set by the optical f-number and
wavelength) of 250 microns. It is worth describing some of the components and
subcircuits in more detail as in so doing, some of the advantages and pitfalls of
imaging with these techniques will be apparent.

——

X-¥ Stage
Controller

Generator b

Fig. 2 (c¢). Photo of complete 2.5 THz imaging system.
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We start with the RF front-end (Fig. 2a). The signal and LO consist of fixed fre-
quency CO, pumped far-IR gas lasers, one operated on a very strong (>50mW)
methanol (CH;0H) emission line at 118.83 um (2522 GHz) serving as the signal
(lower right), and the other operated on an almost equally strong difluoromethane
(CH,F,) line at 2546 GHz, serving as the local oscillator source (upper left) for
the heterodyne mixer. The signal laser has an output beam diameter of approxi-
mately Smm. This is beam expanded to 50mm using a custom z-fold arrange-
ment”, bounced off a wire grid beam splitter’ and focused onto the measurement
sample through a commercial off axis parabola®. The spot size on the sample is
determined by the mirror fnumber and wavelength as well as the quality of the
alignment and focusing, and was measured to be approximately 250 microns
(full-width, half-power). After passing through the sample, the expanding beam is
collected through a second parabola, collimated and sent through a silicon etalon’
[31] after which it is refocused into the mixer. At the same time the local oscilla-
tor is passed through a wire grid beam splitter then partially reflected off the sili-
con etalon where it too is focused into the mixer. The mixer [32] operates in a
fundamental mode and consists of a room temperature planar Schottky barrier
diode embedded in a single-mode fix-tuned waveguide mount with an instantane-
ous bandwidth of a few percent. It was developed under an in-house program for
application on the NASA Aura spacecraft and operates double-sideband with an
equivalent input mixer noise temperature of approximately 6,000K. The input to
the mixer is via a built-in dual-mode Pickett-Potter feed horn [33] which pro-
duces a high quality Gaussian beam [26]. The mixer downconverts the signal and
LO to an IF of 23.7 GHz where it passes through the first stage amplifier and onto
the IF portion of the test system.

If the LO and signal lasers were perfectly stable, the test sample could be scanned
through the fixed RF beam and the resulting transmitted amplitude and phase (at
the IF) recorded as a function of position using any of a number of microwave
detection schemes. However, because both far-IR laser amplitudes drift substan-
tially with time due to changes in gas pressure, slight shifts of the CO, mode peak
and changes in room humidity, using a single mixer without a separate signal
calibration path results in large uncertainties in the transmitted power versus time.
To eliminate this problem a phase and amplitude tracking circuit, based on a sys-
tem originally described by Doane [34], was implemented. On the RF side this
involves adding a signal reference path using a second mixer and etalon (as well

9

? Electro Optical Components, Inc., 5460 Skylane Blvd., Santa Rosa, CA 95403.

? Johann Wantaugh, Advanced Spectroscopy Technologies, 12021, Wilshire Blvd.,
Suite 419, Los Angeles, CA 90025.

* Melles Griot, 2051 Palomar Airport Road, Carlsbad, California 92011 or Janos
Technology Inc., 55 Black Brook Rd., Keene, NH 03431.

° The etalons were made from 50mm diameter float zone silicon wafers (>20,000
ohm-cm) available from Topsil Semiconductor Inc., Frederikssund, Denmark and
then lapped to their required thickness (387.5 and 391.1 microns) by Boston Piezo
Optics, Inc., Bellingham, MA, USA.
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as the two wire grid beam splitters already mentioned). The signal laser is now
split into a measurement and reference path using the wire grid and second etalon
(lower portion of Fig. 2a). Similarly a portion of the LO laser is picked off and
combined with the signal reference in the second mixer. Each mixer now converts
to the same IF frequency but the signal beam passes through the sample (adding
phase delay and decreasing amplitude) while the reference beam does not. In the
IF tracking portion of the imager, the reference IF is mixed with a 3.2 GHz oscil-
lator, filtered, amplified, filtered again by a tracking PLL filter (BW=1 MHz), re-
amplified and finally applied to the LO input of another mixer whose RF input is
the downconverted power from the signal mixer. The output of this mixer is a 2nd
IF signal equal in instantaneous frequency to the 3.2 GHz reference arm oscillator
(hence very narrow linewidth) but differing in amplitude and phase depending on
the loss and phase shift imposed on the signal beam by the scanned sample. This
and the reference oscillator are further downconverted to approximately 9 MHz
so they can be inputs to the reference and signal ports of a commercial RF lock-in
amplifier (Stanford Research SR844 - peak operating frequency performance be-
low 10 MHz). In addition to having a maximum two millisecond latency between
the issuance of a trigger command to it and the actual logging of data, the lock-in
amplifier can also measure the relative phase difference between the reference
and measurement IF signals, thereby providing phase delay imagery of the sam-
ples. The original tracking circuit described in Doane [34] specified the use of
isolators at the RF inputs of the mixers to reduce the amount of signal reflected
off of the mixer inputs. Without such isolators a small amount of signal laser
power that bypasses the sample plane via the reference mixer path can (and al-
ways does!) end up appearing at the measurement mixer input. This can greatly
limit the dynamic range of the instrument. Initially, due to this problem (and be-
fore we started using the silicon etalons), our dynamic range was only 45 dB. The
etalons however have such low reflectivity when their throughput angle is opti-
mized, that we were able to obtain an additional 40 to 50 dB of isolation between
the two THz mixers. A maximum dynamic range of 110 dB was eventually ob-
tained with the system shown in Fig. 2. Operation at frequencies other than 2.5
THz is possible by judicious choice of closely spaced (within the mixer IF band)
laser lines [35] and replacement of the two Schottky diode mixers with downcon-
verters optimized for these alternate frequencies. Sensitivity enhancement is also
possible (at the expense of high-end dynamic range) by replacing the Schottky
mixers with more sensitive hot electron bolometer [36] or superconductor-
insulator-superconductor mixers [37]. Factors of 10-100 in low-end signal acqui-
sition are possible with these near quantum limited receiver elements. Finally,
significant improvement in frequency agility and portability might soon be
achieved by replacing the two far IR gas lasers with newly available semiconduc-
tor quantum cascade lasers [38,39].

In summary, for applications above 1 THz and up to frequencies as high as these
or newer sources and mixers can reach, this implementation for realizing a het-
erodyne imager will provide very high dynamic range and convenient room tem-
perature operation. Images and applications from this system are given in Part III
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of this paper. However, at some stage this system should be replaced by the THz
equivalent of the unit described next.

11.2 Active Heterodyne Imager Using a Commercial Submillimeter-Wave VNA
For fixed frequency or very modest bandwidth (<1%) swept frequency imaging

applications between 200 GHz and 1 THz it is possible to make use of an existing
commercial instrument. The vector network analyzer (VNA) has been a primary
instrument for RF engineers for more than 40 years [40]. Based around phase
locked or directly synthesized frequency transmit/receive ports and heterodyne
operation it can measure magnitude and phase with extremely wide dynamic
range (up to 100 dB), amplitude stability in excess of 0.1dB and degree level
phase accuracy. Commercial VNA’s operating up to 100 GHz have been avail-
able for more than a decade from distributors like Agilent® (formerly Hewlett
Packard) and Anritsu’. AB Millimetre® introduced a submillimeter-wave VNA in
the 1980’s that has been used at frequencies up to and slightly beyond 1 THz.
This system has compact (20x10x10 cm®) transmit and receive heads that are
coupled to the synthesizer and signal control, processing and phase lock systems
through flexible coaxial cables that allow easy movement and positioning of the
source and detector elements. Signal power is generated from a phase locked os-
cillator at W-band (100 GHz) which is frequency multiplied in harmonic steps to
the desired output using a solid state upconverter. The proper output harmonic
must be selected by employing a waveguide high pass filter implemented in
waveguide. The receive head employs a harmonic mixer driven by an identical
Gunn oscillator (the harmonic mixer downconverts the input RF by heterodyning
with the nth harmonic of the oscillator). Again, waveguide high pass filters are
required to isolate the proper harmonic for the mixing process. RF signals are
transmitted and received via free space using well controlled single mode
waveguide horns. The system has high signal-to-noise, a dynamic range of 60-90
dB and mechanical frequency tuning with limited sweep capability (~0.5%).
Sweep limitations stem from the use of W-band Gunn diode oscillators’ in the
signal and source arms which have limited electronic tuning range, but very wide-
band mechanical tuning (>30%). These oscillators are multiplied up in frequency
using solid-state Schottky diode multipliers to generate the source power (7 or
slightly higher harmonics are possible) and are also used to supply the power for
the harmonic mixer used on the receive side. The multiplier and mixer in our unit
were fabricated by RPG Radiometer Physics'® and require extensive tuning (4
tuning knobs on each component) at every frequency, but these can be replaced
by broad band tunerless components from Virginia Diodes''. We have also util-

% Agilent Technologies, 395 Page Mill Rd. Palo Alto, CA 94306.

7 Anritsu Microwave Measurements Division, 490 Jarvis Dr. Morgan Hill, CA 95037
8 MVNA ESA-1/ESA 2, AB Millimetre, 52 Rue Lhomond, 75005, Paris, France.

? Oscillators obtained from John Carlstrom, U. Chicago, IL, USA

10 RPG Radiometer Physics, Bergerwiesenstrase 15, Meckenheim 5309, Germany.

' Virginia Diodes, 979 Second St., Suite 309, Charlottesville, VA, 22902 USA
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ized the MVNA with phase locked backward wave oscillator tubes (BWO)'? up
to 350 GHz to replace the Gunn and multiplier on the source side, yielding wider
swept frequency capability (30 GHz), and in principle it is possible to extend the
frequency by following the BWO with a harmonic multiplier. The quality of the
phase lock with the backward wave tubes is not as good above 300 GHz however,
and of course their mass and size greatly reduces the portability of the trans-
mit/receive units. A second commercial vendor, Oleson Microwave (OML)"?, has
now produced frequency extension heads for the Agilent and Anritsu VNAs that
allow the user to reach 330 GHz with full waveguide band sweep capability
(30%) and this company plans to introduce units to 500 GHz within the next year.

eceiverddead

Fig. 3(a). Photo of transmit/receive heads, focusing elements and sample stage of
MVNA based imaging system.

Using a few simple modifications and some custom developed imaging and dis-
play software (available from the authors) we have converted the AB Millimetre
MVNA into a frequency flexible submillimeter wave imaging system. The con-
version was accomplished by adding a second image acquisition computer operat-
ing in concert with the supplied MVNA control computer. This computer controls
an X-Y stage that scans the sample through a fixed beam and collects signal am-
plitude and phase information directly from analog output ports on the MVNA.

12 Insight Products, PO Box 297, Brighton, MA 02135, USA
3 OML, Inc., 300 Digital Dr. Morgan Hill, CA 95037.
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Fig. 3(b). Photo of complete MVNA based imager with control rack.

The image data is displayed on the acquisition computer in real time as it is col-
lected. Post acquisition software is then used to normalize the data to either the
maximum signal found in the image, or to a reference position, and correct for
signal position errors caused by the effective time constant of the MVNA. All
other functions are controlled by the MVNA including frequency selection and
locking, power peaking, signal integration and averaging. The MVNA control
computer and image acquisition computer run simultaneously but use a single
monitor controlled via a simple keyboard-video-mouse (KVM) switch. Since the
stability of the MVNA and the source/sampling units are phase locked to a com-
mon synthesizer there is no need to add a reference path in order to achieve high
stability as in the case with the gas laser based imager. However, absolute phase
information, or phase referred to a reference path is not available unless such a
modification is implemented.

The assembled instrument can acquire a maximum of about 40 pixels per second
based on trade-offs between noise level and signal averaging time. Our unit has
an operating range of 100-700 GHz but newer models extend the upper limit to
near 1 THz. Amplitude stability is typically 0.2 dB but can be increased with
longer data averaging. Phase resolution was found to be about 4 degrees and a
dynamic range of 70 dB was typically achieved up to 550 GHz and 60dB up to
750 GHz. Again, improved performance is advertised for newer models. The im-
aging MVNA system has been used for both reflection and transmission meas-
urements using the setups displayed in the pictures in Fig. 3. Images and applica-
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tions are given in Part III of the paper. This commercial MVNA system is an
ideal way of implementing a heterodyne imager with enormous frequency range
and hopefully in the near future with frequency sweep capability as well.

I11.3 Active Heterodyne Imager with Swept Frequency Signal and LO Sources
One of the major advantages of heterodyning is the capability to measure very
small frequency changes in an incoming signal. The ultimate resolution is directly
tied to the frequency stability of the LO which in most cases can be phase locked
to an ultra stable reference operating in the MHz region. High quality quartz os-
cillators have short term stability of 1 part in 10'% at 10 MHz, which yields a fre-
quency resolution of one part in 10, i.e. 100 kHz, at 1 THz, with higher values
possible. For resolving and measuring the linewidth of a natural or artificial sig-
nal source, this spectral frequency resolution, R = . /B, where B, is the detec-
tion bandwidth (generally arranged to be much smaller than Byg), is very hard to
match with any other technique. We have used the instrument described in IV.1
to make the first sub-MHz linewidth measurements of quantum cascade lasers
[41] operating near 3.5 THz for example. The narrow frequency resolution also
allows one to passively resolve the Doppler velocity (v=c/2R) of objects moving
towards or away from the receiver to within a few meters per second (15 m/sec in
this example at 1 THz or ~54 km/hr). The same components provide very high
phase resolution as well. With our fixed frequency 2.5 THz system, in a reasona-
bly stable environment, we have found that it is possible to measure the phase
change of the signal upon transmission through an object with a relative accuracy
of approximately 1 part in 50 or 2%. Therefore if the object is changing position
in the scene relative to the transmitter or receiver, the shift in position can be
measured in reflection with an accuracy of about 1/50™ of a wavelength or 1 mi-
cron at 2.5 THz (2 microns round trip). However any turbulence or instability in
the path between the transmitter and receiver will dramatically degrade this per-
formance. Also there is no simple way of referencing an observed phase shift to
an absolute or even relative zero without a length variable reference path, since
phase shifts greater than @ radians simply repeat in the receiver. However if the
signal is swept over a modest bandwidth it is possible to measure the progressive
phase change that occurs as the wavelength varies. The phase change with fre-
quency, AD/Afgr, is directly translatable into a measurement of the index of re-
fraction, n, in the case of transmission through an object:

[ AD c
Af e 360-1
from a straight line fit to the phase versus frequency data. The swept system can
also be used in ranging, since a change in RF signal frequency translates into a
change in the phase of the signal reflected off an object at a distance /:
AD  360-2/
Af rr ¢

change in frequency that must be resolved is 75 kHz (75 MHz at /=1m), well
within the range of a CW THz system.

+ IJ where / is the thickness and AG/Afzr can be determined

, where for example, if A®@ is 180 degrees and / is 1 km, the
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In order to examine the potential applications for a swept frequency RF hetero-
dyne system we constructed the system shown in Fig. 4(a). Like the MVNA it
uses multiplied submillimeter-wave sources derived from low frequency synthe-
sizers. The phase reference is generated at microwave frequencies, reducing the
amount of submillimeter-wave hardware required. By judicious choice of IF fre-
quencies, a significant amount of inexpensive commercial communications hard-
ware can be utilized in the instrument. The system employs an electronically
tuned and locked source and LO to produce a fixed IF as the RF frequency is
swept. An alternative arrangement would be to use a very wide IF with a tunable
narrowband filter, a fixed LO and a swept signal.

Looking at Fig. 4 (a), the RF signal is generated by a X36 frequency multiplier
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Fig. 4 (a). Block diagram of active swept 600 GHz imaging system.

sequence in order to realize the electronic tuning with a commercial microwave
synthesizer. A 640 GHz subharmonically-pumped mixer [42] is used for the sig-
nal downconversion. The mixer is actually operated in a single-diode 2™ har-
monic mode (fir = frr.2fL0) by biasing one of the two diodes to the on state, rather
than the designed anti-parallel-pair subharmonic mixing mode, to achieve greater
RF bandwidth at the expense of noise performance [43]. The signal, as well as
the LO for the mixer are derived from a pair of 14-18 GHz synthesizer modules
having a step size of 250 kHz. Both synthesizers are multiplied up to the millime-
ter band (84-108 GHz) using Millitech'* X6 active multipliers. The resulting W-
band signals are then amplified by 20 dB using a pair of MMIC power amplifiers
[44,45] developed for the ESA Herschel Space Telescope HIFI instrument [46].
The amplified RF is then multiplied again by X6 (signal), or X3 (LO), by a set of
custom frequency doublers and triplers also developed for HIFI [47]. The LO and
signal frequencies are synchronized so as to generate a constant IF frequency of
450 MHz at the harmonic mixer IF output. Both signal and LO synthesizers are
controlled from a Windows PC via a 4 wire synchronous serial interface, using
the PC parallel port and a custom driver written in Visual Basic.

 Millitech, Inc., 29 Industrial Drive East, Northampton, MA 01060.
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Fig. 4(b). TOP: Photo of compact all-solid-state swept frequency 600 GHz imager
showing heterodyne receiver, local oscillator and signal driver sources and a focusing
lens for image acquisition. All components are hand-held and positionable.
BOTTOM: Control box and complete electronics module (minus display).
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Looking at Fig. 4 (a), the RF signal is generated by a X36 frequency multiplier
sequence in order to realize the electronic tuning with a commercial microwave
synthesizer. A 640 GHz subharmonically-pumped mixer [48] is used for the sig-
nal downconversion. The mixer is actually operated in a single-diode 2™ har-
monic mode (fir=_frr.2f10) by biasing one of the two diodes to the on state, rather
than the designed anti-parallel-pair subharmonic mixing mode, to achieve greater
RF bandwidth at the expense of noise performance [49]. The signal, as well as
the LO, for the mixer are derived from a pair of 14-18 GHz synthesizer modules
having a step size of 250 kHz. Both synthesizers are multiplied up to the millime-
ter band (84-108 GHz) using Millitech'> X6 active multipliers. The resulting W-
band signals are then amplified by 20 dB using a pair of MMIC power amplifiers
[50,51] developed for the ESA Herschel Space Telescope mission - Heterodyne
Instrument for the Far Infrared (HIFI) [52]. The amplified RF is then multiplied
again by X6 (signal), or X3 (LO), by a set of custom frequency doublers and
triplers also developed for HIFI [53]. The LO and signal frequencies are synchro-
nized so as to generate a constant IF frequency of 450 MHz at the harmonic
mixer [F output. Both signal and LO synthesizers are controlled from a Windows
PC via a 4 wire synchronous serial interface, using the PC parallel port and a cus-
tom driver written in Visual Basic.

The low-cost synthesizers used in this system have poor phase noise characteris-
tics (-54 dBc/Hz @+/-1 kHz), and as a result the highly multiplied 450 MHz IF
signals are actually indiscernible from the accompanying phase noise when
viewed on a spectrum analyzer. Therefore it was necessary to reference both the
signal and reference IF’s to a stable source before detection [34]. This is accom-
plished by shifting the 450 MHz reference 12.79 MHz down in frequency using a
mixer and bandpass filter, and then mixing the resultant 437.21 MHz signal with
the 450 MHz IF signal. Since the phase noise of the shifted 437.21 MHz and 450
MHz IF signals is totally correlated, mixing the two signals cancels out that noise,
leaving a 12.79 MHz signal that has the same amplitude and phase characteristics
(minus the synthesizer noise) as the 450 MHz IF signal. It should be noted that
any 450 MHz reference signal passing through the 437.21 MHz bandpass filter
will be downconverted at the 450 MHz signal mixer, resulting in crosstalk and
loss of dynamic range. It is therefore absolutely essential that the 437.21 MHz
filter have extremely high rejection at 450 MHz. The chosen filter, a Motorola
TFE6213A (extracted from a Motorola “Micor” communications radio) is very
small yet has over 100 dB of rejection at 450 MHz. The relatively high loss of
this filter (10 dB, due to the small size vs. high Q) is easily compensated for by
additional amplification. The 12.79 MHz signal and reference channels are finally
converted to ~66 kHz for detection by a Scitec'® 442 lock-in amplifier using a
12.86 MHz oscillator, isolation amplifiers and couplers, and mixers. The lock-in

' Millitech, Inc., 29 Industrial Drive East, Northampton, MA 01060.
16 Scitec Instruments Ltd., Bartles Industrial Estate, North Street Redruth, Cornwall
TR15 1HR, United Kingdom.
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amplifier functions as a variable bandwidth magnitude and phase receiver.
Bandwidth and gain are also controlled by a Windows PC via a 9 bit parallel in-
terface, while the vector X and Y DC outputs of the lock-in amplifier are read by
an analog data acquisition board in the PC and converted to polar format.

At maximum detection bandwidth, real-time acquisition speeds of over 3000
points per second are possible. The instrument has a phase stability of £2.5 de-
grees over a frequency range of 560-640 GHz and an amplitude stability of <0.1
dB. The dynamic range exceeds 60 dB over the range 560-625 GHz and reached
90 dB at some points. To test the performance of the instrument and verify accu-
rate phase measurement capability, the relative phase delay of a Teflon slab was
measured from 560 to 640 GHz by introducing the slab between the submillime-
ter-wave source and mixer. A highly accurate determination of the rate of change
of phase with respect to frequency, or time delay, was obtained as shown in Fig. 4
(c). From the data A®/Af = 7.618 degrees/GHz, yielding a measured dielectric
constant of 2.063. This is within 1% of the highly accurate measurements of [54].
The stability and dynamic range of the system is shown by the plot in Fig. 4(d).

The swept system can be used for recording broad spectral features, real time in-
dex measurements, acquiring and comparing images at more than one frequency
(to reduce speckle for example) and for object ranging. The achieved dynamic
range of 60dB over much of the frequency band is limited by the harmonic mixer
performance which was not designed for this application (intended to be narrow
band high sensitivity). This problem is expected to be rectified with our next gen-
eration broadband subharmonic mixer modules (currently in fabrication). To date
no RF images have been taken with the swept system as we are waiting for com-
pletion of an optical Fresnel lens for beam forming. It should be pointed out that
an additional benefit of a frequency scanned system when using a single pixel to
acquire an image, is the possibility of using a dispersive lens designed to spread
the transmit/receive beams over the scene in one dimension as a function of fre-
quency. A complete image can then be acquired via frequency sweeping and me-
chanical scanning in only one dimension. This technique is used in grating spec-
trometers and very cleverly in the passive millimeter wave imager developed by
ThermoTrex [55].
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11.4 Passive Heterodyne Imaging using Radiometers
Heterodyne systems can also be used to advantage in passive imaging where the

thermal energy from the scene is captured and analyzed using broadband detec-
tion schemes. Contrast comes from varying amounts of reflected energy that
emanates from natural sources such as the sun (hot), the sky (cold) or the sur-
rounding terrain. Indoors this includes incandescent or fluorescent light sources.
The advantages of passive imaging are that an irradiating source does not have to
be utilized, which reduces the risk of detection (in a military application for ex-
ample), and that personnel and materiel are not exposed to radiation that may be,
or at least may be perceived as being, dangerous. There is also no source of
speckle with a passive system, diffraction between reflections off different details
of an observed object within a single pixel, or specular reflection, in which the
directed source and receiver appear at equal angles with respect to the normal to
the object, both of which can be major problems in active imaging. To maximize
signal power in this mode, the IF bandwidth of the receiver should be as wide as
possible (Pyne~kTBir). Very broad band (>150 GHz) amplifiers have been dem-
onstrated [56] and at terahertz frequencies these still represent only modest RF
fractional bandwidths. The trade-off comes in the available noise temperature of
the IF amplifier, Tz which tends to increase with bandwidth and upper operating
frequency. This drives the system temperature (not including optical path losses
and antenna noise contributions): T =T ixertLTir, Where L is conversion loss in
the mixer and T, is the equivalent input noise temperature (a combination of
thermal, shot, quantum and scattering noise in the diode or detector element). The
minimum detectable temperature, AT, which is more generally written for radio-
metric systems as Ty / (BIF‘E)I/ 2 where 7 is the integration time in seconds, im-
proves with the square root of the IF bandwidth, and is the major system driver in
the heterodyne system. Since we are now measuring broad band signals in a re-
gion of the blackbody curve where ambient temperature sources have very low
thermal emission energy, it may be very useful to increase scene brightness using
incoherent illumination either from a hot thermal back body source (like a heater
lamp) or a strong noise source (like a plasma discharge). The particular frequency
chosen for the radiometric system is a complex trade off between system per-
formance, optical resolution, atmospheric absorption and thermal contrast in the
scene. A large body of development work has gone on in passive thermal imag-
ing at millimeter wavelengths [57], and has already been mentioned several com-
plete systems have been deployed for over a decade.

Again utilizing spare parts from our recent space-flight programs we assembled
the passive imager shown in Fig. 5 operating at a center frequency of 640 GHz
[58]. This frequency seems to be a good trade-off between system performance,
optical resolution and atmospheric transmission loss. A slightly better atmos-
pheric transmission window exists near 850 GHz but our component hardware
did not cover this frequency range. Since no signal source is required, or backend
spectrometer (maximized broad band signal only), the instrument is relatively
simple and compact. The mixer and LO are similar to those used in the active
swept system described previously (section IV.3). A very small (50mm aperture)
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off-axis parabolic mirror (utilized because it was readily available) focuses onto
the scene a few meters away, by providing a beam waist at the input horn on the
mixer which is slightly in front of the nominal phase center (non paraxial posi-
tion). The LO center frequency is 642 GHz and the IF amplifier has a 6-18 GHz
pass band, yielding conversion bands (upper and lower sidebands) of 624-636 and
648-660 GHz. Since the two converted bands are folded onto each other in the
mixing process, the pre-detection bandwidth By, is one half of the converted spec-
trum, or 12 GHz. The full IF signal band is fed to a second high-gain IF amplifier
and crystal detector, which in turn is read by a lock-in amplifier. By chopping the
input signal to the mixer, only the difference in received power between the sub-
ject and a fixed RF load is measured. As a result, all drift in the mixer, LO, IF
amplifiers and detector is cancelled. The system was calibrated by recording the
lock-in amplifier output voltage (corresponding to detected power) with the re-
ceiver beam terminated in Eccosorb (blackbody) loads held at Ty,=295 and
Tcoi=78 K respectively. The radiometric noise temperature Ty, Was then calcu-
lated in the standard way from:

_ THot _TCold ~(P

cene = -~ Peo )+ Teoq » Where Py and Pegq and Py, are the
PHot _PC()ld

blackbody powers measured by the lock-in amplifier for the hot load, cold load
and scene respectively. The image is built up by scanning the antenna and radi-
ometer front end across the scene. A lock-in amplifier integration time of 10 mil-
liseconds was used, giving a maximum acquisition speed of 100 points per sec-
ond. However, to avoid scan overshoot problems between adjacent pixel rows the
scan was slowed down considerably (this problem has been addressed in later
versions of the imaging software that was used for the MVNA and active imaging
instruments). The RMS noise level, NEAT, for the 10msec integration time per
pixel (plus chopper) was measured to be 0.69 K. This is within a factor of 2 of the
prediction from the radiometer equation for a receiver input noise temperature of
3600 K double-sideband. The difference is due largely to the chopping, which
effectively halves the observation time in each reading.

As already mentioned it is possible to enhance the contrast of a passive imager by
adding a source of incoherent energy that can be reflected off the objects in the
scene. We have tried a simple commercial 150-watt ceramic infrared heater (Liz-
ard Lamp) which has a measured noise temperature very close to its physical
temperature (high emissivity). In our case the lamp was not distributed enough
across the scene to give strong global illumination, but similar techniques using
distributed sources surrounding the subject have been reported with good success
[59]. Images made with our 640 GHz system on both a human subject and metal-
lic objects are shown and described in Part I1I of this paper.
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ILI. Summary

The authors have described four heterodyne imaging instruments that have been
assembled from components and instruments originally developed for space sci-
ence applications. None of these instruments have the sophistication of the mil-
limeter wave imaging arrays developed for radar and through-the-fog aircraft
landing systems, nor the throughput available from widespread commercial infra-
red camera systems. The potential for heterodyne applications in spectroscopy,
radar, security scanning and communication are tantalizing however and it is a
good time to begin to take a close look at the enabling component technology that
can ultimately lead to more compact, inexpensive, and sophisticated instruments.
There is still a great deal of basic phenomenology that must also be investigated
in order to understand if the perceived instruments can really deliver the required
level of product. In the next part of this series we look at some of the applications
that are driving the instrument work in our own laboratories.
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