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Abstract—This paper discusses the development of a mil-
limeter-wave radar chemical sensor for applications in envi-
ronmental monitoring and arms-control treaty verification.
The purpose of this paper is to investigate the use of finger-
print-type molecular rotational signatures in the millimeter-wave
spectrum to sense airborne chemicals. The millimeter-wave
sensor, operating in the frequency range of 225–315 GHz, can
work under all weather conditions and in smoky and dusty
environments. The basic configuration of the millimeter-wave
sensor is a monostatic swept-frequency radar that consists of a
millimeter-wave sweeper, a hot-electron bolometer or Schottky
barrier detector, and a corner-cube reflector. The chemical plume
to be detected is situated between the transmitter/detector and
reflector. Millimeter-wave absorption spectra of chemicals in the
plume are determined by measuring the swept-frequency radar
return signals with and without the plume in the beam path. The
problem of pressure broadening, which hampered open-path
spectroscopy in the past, has been mitigated in this paper by
designing a fast sweeping source over a broad frequency range.
The heart of the system is a backward-wave oscillator (BWO)
tube that can be tuned over 220–350 GHz. Using the BWO tube,
we built a millimeter-wave radar system and field-tested it at the
Department of Energy Nevada Test Site, Frenchman Flat, near
Mercury, NV, at a standoff distance of 60 m. The millimeter-wave
system detected chemical plumes very well; detection sensitivity
for polar molecules such as methylchloride was down to 12 ppm
for a 4-m two-way pathlength.

Index Terms—Airborne chemicals, backward-wave oscillators,
millimeter waves, remote sensing, rotational spectroscopy.

I. INTRODUCTION

REMOTE OR standoff detection of airborne chemicals is
gaining importance for arms-control treaty verification

and environmental monitoring. When compared with point
detection or sampling techniques, the remote method is nonin-
trusive and can be used to monitor wide areas. Optical and laser
remote techniques are under active development in the infrared,
visible, and ultraviolet regions of the electromagnetic spectrum
[1]–[3]. Although quite sensitive to volatile organic and other
hazardous chemicals, these systems are susceptible to weather
conditions and are too complex for field use. The purpose of
this paper is to investigate the use of the millimeter-wave spec-
trum for remote detection of chemicals. Since millimeter-wave
sensors use longer wavelengths than those of optics, they can
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operate under all weather conditions and in smoky and dusty
environments.

Millimeter-wave spectroscopy is a well-established labora-
tory technique for determining the structure and dynamics of
molecules in the gas or vapor phase [4]. Millimeter-wave spec-
tral lines are narrow and nearly 100% specific when analyzed
in a gas cell under low pressures ( torr). However, when ap-
plied to open-air monitoring, the spectral lines become broad
because of molecular collisions that occur at high (i.e., atmo-
spheric) pressure. A typical air-broadening parameter of a mol-
ecule is 4 MHz/torr in half-width at half-height (HWHT) and

4 GHz at 1 atm. Conventional detection methods that are ca-
pable of high detection sensitivities at low pressures, e.g., Stark
modulation or phase-locked techniques, are not directly appli-
cable to open-air detection. Hence, new detection methods and
systems are needed for remote detection of trace chemicals in
air.

One way to overcome the pressure-broadening effect is to
use a swept-frequency millimeter-wave source that can sweep
over a broad frequency range in a short time. The wide-fre-
quency sweep improves spectral line resolution and molecular
selectivity, whereas the fast sweep allows for efficient baseline
subtraction by direct video detection. The feasibility of open-air
millimeter-wave spectroscopy was first demonstrated with a
monostatic swept-frequency radar system in the 225–315-GHz
range [5]. The millimeter waves were generated with a low-fre-
quency sweeper and low-power frequency triplers. The narrow
bandwidth of the triplers also limited the tuning range to within
50 GHz. The proof-of-principle of this system was tested by
detecting DO in open air. In addition, the chemical selectivity
of the technique was demonstrated by a special deconvolution
procedure [6]. Individual chemicals in a multicomponent mix-
ture were determined from both simulated and experimental
spectra.

With recently available backward-wave oscillator (BWO)
tubes [7], we developed a prototype radar system that can
sweep the entire frequency range within 10 ms and generate
up to 30 mW of power [8]. This greater power allows a longer
detection range and the wider tuning range improves the
resolution of spectral lines. The radar system was field-tested at
the Department of Energy (DOE) Nevada Test Site, Frenchman
Flat, near Mercury, NV, at a standoff distance of 60 m. Two
chemicals, i.e., methylchloride and butanol, were released
from a wind tunnel in different concentrations. In terms of
millimeter-wave spectral properties, these chemical represent
two distinct classes: methylchloride has distinct broad spectral
lines, while butanol has monotonically increasing continuum
absorption with respect to frequency. This paper describes the
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Fig. 1. Schematic diagram of millimeter-wave radar system.

millimeter-wave sensor, field test setup, and test results from
methylchloride and butanol releases.

II. DESCRIPTION OF MILLIMETER-WAVE RADAR SENSOR

The millimeter-wave sensor, shown in Fig. 1, is a monostatic
radar system that operates in an atmospheric window in the
frequency range of 225–315 GHz. Swept-frequency signals in
this range are generated and transmitted through a chemical
plume via a lens antenna. A corner cube, located behind
the plume, returns the radar signals through the plume to a
millimeter-wave detector that is next to the transmitter. Mil-
limeter-wave absorption spectra of chemicals in the plume are
determined by measuring swept-frequency radar signals with
and without the plume in the beam path. A Fabry–Perot (F–P)
cavity, which consumes a small part of the millimeter-wave
energy, generates frequency markers for on-the-fly calibration
of frequencies. The F–P cavity markers allow better subtraction
of baseline and signal averaging.

The millimeter-wave sweeper was built with an OB-30 BWO
tube [9], which structurally consists of an electron emission
source (cathode) and a slow-wave structure (anode) housed in
a vacuum envelope, 25 mm in diameter and 35 mm in length.
Coherent radiation is produced when electrons emitted by
the cathode are accelerated over the slow-wave structure; the
frequency of oscillation is determined by the electron velocity
and the period of the slow-wave structure. A permanent magnet
made of cobalt–samarium alloy produces a dc magnetic field
( 7000 G) to steer the electron beam over the slow-wave
structure. The millimeter-wave radiation generated in the
tube (with a power mW) is coupled to a scalar horn
through an overmoded rectangular waveguide attached to the
tube structure. Oscillation frequency varies in a nonlinear
fashion with the electrical potential between the cathode and
anode; it is tunable between 220–350 GHz, corresponding to
a voltage range of 1000–3700 V. Due to its large tuning slope
(e.g., 75 MHz/V at 2400 V), a small ripple or fluctuation in
the high-voltage power supply will alter the tube frequency
considerably (e.g., a 10-mV fluctuation produces a 0.75-MHz
variation). The need for fast sweeping of high voltage over
a range of 1000–4000 V with a low ripple content makes
the power supply requirements stringent for spectroscopic
application. A high-voltage power supply, capable of sweeping
from 1000 to 4000 V in ms with less than 2 mV of ripple,
was designed and built in collaboration with The Ohio State
University, Columbus [10].

Fig. 2. Effect of using F–P cavity scheme in baseline subtraction; frequency
swept from 257.6 to 321.6 GHz in 1 s.

Yet, with free-running oscillators, it is nearly impossible to
achieve the long-term frequency stability required for baseline
subtraction and signal averaging because inherent frequency
drifts are caused by power supply noise and thermal instability
of the tube structure. Hence, in high-resolution spectroscopy,
one often resorts to phase-locked control of the BWO, but this
is rather slow for the wide-frequency sweep that is required in
open-path spectroscopy. In this paper, we use a quasi-optical
F–P cavity for on-the-fly calibration of frequencies [11]. When
swept-frequency radiation is applied to the cavity, resonant
peaks are generated each time the cavity spacing is equal to
the integral number of half-wavelengths. For a cavity length of

cm that we used, the marker spacing in frequency is
given by MHz, where is the wave velocity
in free space. Data that correspond to radar signal and cavity
markers are collected during each sweep. Since the cavity
markers correspond to actual frequencies during a sweep,
the cavity markers and corresponding samples of radar data
are aligned with respect to an initial set of cavity markers
by a MATLAB-based frequency calibration software that we
have built. The radar data between the cavity markers are
interpolated linearly. Fig. 2 shows, for instance, subtraction of
two swept-frequency traces, with and without the use of cavity
markers. In practice, the amplitude of the cavity peaks varies
widely from peak to peak, some appearing below the noise
threshold. In the frequency calibration software, only those
cavity peaks that are above a certain threshold are used for
marker alignment. In those instances where the cavity markers
are absent, the baseline correction has not been effective.
Further improvement is possible with a longer cavity because
of narrower frequency spacing between the markers.

III. FIELD TEST SETUP

The millimeter-wave system was field-tested at the Nevada
Test Site, Frenchman Flat, near Mercury, NV. A wind tunnel, ca-
pable of producing well-characterized chemical plumes of 2-m
diameter at the exit point, was used to release desired concen-
trations of airborne chemicals. Testing of the millimeter-wave
sensor was conducted in a trailer 60 m from the wind tunnel
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Fig. 3. Millimeter-wave-system trailer, wind tunnel, and corner cube.

Fig. 4. Model and measured methylchloride spectra obtained in laboratory
from 377 mtorr of methylchloride mixed with nitrogen to 1 atm in 1.4-m gas
cell.

in the cross-wind direction. Fig. 3 shows the millimeter-wave
sensor trailer together with the wind tunnel and corner cube.
The millimeter-wave radiation was transmitted through a trailer
window into the wind-tunnel plume. The window was covered
with a plastic film that was transparent to millimeter waves. A
6-in lens, focused at infinity, provided a highly directed beam.
The cone angle of the beam was 0.37with a footprint of 0.6 m
at the wind tunnel. An aluminum corner cube with a 0.90.9

0.9 m opening was mounted behind the plume to return radar
signals. The return signals were collected by a 6-in lens coupled
to a liquid-helium-cooled (hot-electron) bolometer detector sit-
uated next to the transmitter. For safety, the trailer was not oc-
cupied during the release, leaving the millimeter-wave sensor
unattended during the test. Data were collected remotely from
the wind-tunnel control room 1.7 km away, via an RF link be-
tween a master computer in the control room and the data-acqui-
sition (slave) computer in the trailer. Meteorological conditions
during the tests were relatively benign: 35C, 8% relative hu-
midity, and winds of 5–10 m/s.

IV. TEST RESULTS

The millimeter-wave spectral data of methylchloride and bu-
tanol were first measured in the laboratory with a 1.4-m gas cell.
To simulate atmospheric pressure, a quantity of each chemical
was mixed with nitrogen to a pressure of 1 atm. Fig. 4 shows

Fig. 5. Butanol spectrum obtained in laboratory from 664 mtorr of butanol
mixed with nitrogen to 1 atm in 1.4-m gas cell.

the measured absorption spectra of 377 mtorr of methylchlo-
ride in nitrogen in the frequency range of 230–298 GHz. The
noise-like fluctuations in the data is due to inadequate base-
line subtraction in spite of employing the F–P cavity technique.
Furthermore, the percent absorption values were calculated by
dividing the difference signal with the reference signal, i.e.,

, where and correspond to
the data with and without the gas in the cell. Since the reference
signal varies widely in amplitude, the division operation ampli-
fies the error in baseline subtraction, especially when is
close to zero. In principle, these fluctuations can be completely
subtracted out with a longer F–P cavity and better interpolation
software. For the purpose of measuring broad atmospheric-pres-
sure lines, however, the measured data can be smoothed out
by fitting a model-based absorption spectrum, as shown by the
solid line in Fig. 4. The model spectral lines were simulated with
a Lorentzian line-shape function using data from the Jet Propul-
sion Laboratory (JPL), Pasadena, CA, molecular data base [12].

Fig. 5 shows the measured absorption spectrum of butanol ob-
tained in the laboratory from 664 mtorr of butanol mixed with
nitrogen to 1 atm. Unlike with methylchloride, millimeter-wave
absorption of butanol appears to be a continuum and it increases
with frequency. The fluctuations in the measured spectra result
from baseline variation due to change in signal power with fre-
quency, and they match exactly those of the reference signal;
hence, they are not part of the butanol absorption lines. Since
butanol is not included in any known databases, we fitted a poly-
nomial curve to smooth out the measured data and used it as the
model spectrum of butanol for later data analysis.

Before the tests, using acetonitrile in a gas cell, we calibrated
the system frequencies. A triangular ramp with a 40-ms period
was used to sweep from 226 to 298 GHz, and data were
collected during the up-ramp. Each chemical was released in
an on–off pattern, each pattern typically lasting min. Ref-
erence and plume signals were collected during the plume-off
and plume-on periods, respectively. Methylchloride data were
collected as an average of 100 sweeps, whereas butanol data
were collected sequentially (without averaging) before and
during release. To cover the sensor’s detection range, we
released methylchloride in concentrations from 5 to 500 ppm.
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Butanol was released only at high concentrations from 410
to 1200 ppm. Three channels of data were collected: dc- and
ac-coupled data from the bolometer and the F–P cavity. While
the ac-coupled channel worked well, the dc-coupled channel
drifted over time and saturated the detector preamplifier. To
interpret the spectral data, we will next develop data analysis
procedures for the dc- and ac-coupled cases.

A. DC-Coupled Data

The dc-coupled detector signal is proportional to the abso-
lute power of millimeter waves with respect to frequency. Let

be the output signal of the transmitter as a function of
sweep time, and and be the detector signals without
and with the plume, called reference and plume signals, respec-
tively. Note that sweep timehas a one-to-one correspondence
with millimeter-wave frequency . While the millimeter-wave
frequency is in the hundreds of gigahertz range, the bandwidth
of the detector signal is generally less than 1 MHz. Then

(1)

and

(2)

where is the two-way transmission coefficient of the atmos-
phere between the transmitter antenna and receiver,is the
absorption coefficient (cm of 1 ppm of chemical in the air at
sweep time corresponding to millimeter-wave frequency,
is the concentration of the chemical (parts per million), andis
the path length (centimeters) of the plume ( cm in our
case). The difference between the reference and plume signals

is given by

(3)

Thus, in the dc-coupled case, the absorption coefficientcan
be determined by dividing (3) by the reference signal . For
trace amounts of gases to be released in the open air, is
small and (3) becomes

(4)

B. AC-Coupled Data

During collection of ac-coupled data, the dc-level signal is
blocked, and only the ac-type signal is collected from the de-
tector circuit. This mode of data collection avoids saturation of
the detector preamplifier when the dc signal drifts with time. Let
a bar over the variables represent ac-coupled signal operation.
For the ac-coupled case, (1) and (2) become

(5)

and

(6)
The difference between the reference and plume signals, i.e.,
(5) (6), becomes

(7)

Unlike with the dc-coupled signal of (3), it is not possible to sep-
arate out the absorption coefficient because is not avail-

Fig. 6. Absolute value of Fourier transform of reference signal collected with
a 3-kHz low-pass filter; the signal bandwidth is proportional to the sweep range
and how fast the BWO signal fluctuations inherent in the frequency range are
swept in time.

able in the ac-coupled case. Let be represented as an ac
signal superimposed on a dc signal

(8)

Then

(9)
Thus, the difference signal is the sum of the plume absorp-
tion coefficient (times a constant) and ac part of the amplitude
modulation of the reference signal by the plume absorption co-
efficient. Since is broad due to pressure broadening, its fre-
quency content is low. On the other hand, the reference signal
that acts as a carrier has a high-frequency content (see Fig. 6
for a typical test reference signal). Since in the Fourier transfor-
mation of the amplitude-modulated signal, frequencies will be
centered on the carrier (reference signal) frequency, a high-pass
filter with passband frequencies above that of will pass only
the amplitude-modulated part of the signal in (9). Letting the su-
perscript represent high-pass filtered signal

(10)

To illustrate the modulation and filtering effect, let us choose
for one of the ac-coupled reference signals collected in
the tests. We will arbitrarily add a dc value to simulate
because it is related to transmitter power, which must be a posi-
tive signal. The plume signal is obtained by multiplication
with an absorption coefficient function related to molecular ab-
sorption. Let us choose two types of absorption coefficients to
simulate methylchloride- and butanol-like absorption

to simulate methylchloride absorption (11)

and

to simulate butanol absorption. (12)

In (11) and (12), is sweep time from 0 to 0.02 s, s,
and s, and and are constants. The absorp-
tion line in (11) is centered at 0.01 s with its HWHT width
covering 10% of the total sweep time. Considering the rela-
tive bandwidths of measured signals with those of molecular



650 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 4, APRIL 2001

Fig. 7. Simulated data showing modulation and filtering effects for distinct
absorption line.

spectral lines, we chose a 200-Hz high-pass elliptic filter to
obtain signals in (10). For example, and were fil-
tered with a 200-Hz high-pass filter to obtain and .
For the two cases of in (11) and (12), Figs. 7 and 8, re-
spectively, present the sequence of operations carried out on the
reference signal. Shown in the figures are the signal , fil-
tered signal , the difference signal , modu-
lated signal , and an arbitrarily scaled envelope.
The difference signal and absorption-coefficient-modulated ref-
erence signal agree well in both of the examples, as predicted by
(10). Note that the difference signal follows the modulation en-
velope of and that the actual peaks and valleys under the
envelope are representative of the reference signal at the corre-
sponding time instants.

These examples show that the concentration of a chemical
can be quantified by model-fitting the absorption-coeffi-
cient-modulated reference signal to the difference
signal , where is the model absorption
line for 1 ppm of the chemical that can be determined either
from one of the published molecular data bases, such as the
JPL catalog, or by measuring it with a gas-cell spectrometer.
That is, in (10) can be fitted with a model-based signal

, given by

(13)

Fig. 8. Simulated data showing modulation and filtering effects for continuum
absorption.

Fig. 9. Difference signal between reference and plume, model-fitted signal,
and absorption coefficient envelope for 145-ppm methylchloride.

where is an estimate of concentrationand may be chosen so
that it minimizes the values of the integral of the squared error

over the sweep time between 0 and. Thus,

(14)
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Fig. 10. Difference signal between reference and plume, model-fitted signal,
and absorption coefficient envelope for 1200-ppm butanol.

Fig. 11. Model-fitted signals for various concentrations of methylchloride.

By setting , optimal estimate can be deter-
mined by

(15)

The model-based analysis is applied in Fig. 9 by using ac-cou-
pled data of 145-ppm methylchloride. The figure presents the
difference signal between the reference and plume and model-
fitted signal. The model fits the measured data well; thus, it
eliminates the high-frequency noise. To show that the difference
signal is an amplitude modulation of the reference signal by
the plume absorption coefficient, we have overlain an envelope
of arbitrarily scaled model absorption curves. Fig. 10 presents
the corresponding analysis for buatnol using ac-coupled data of
1200-ppm butanol.

Figs. 11 and 12 present plots of the model-fitted data for
methylchloride and butanol, respectively, for various concentra-
tions. The corresponding values of , from (15), are plotted

Fig. 12. Model-fitted signals for various concentrations of butanol.

Fig. 13. Estimated versus release concentration of methylchloride (based on
model fit).

Fig. 14. Estimated versus release concentration of butanol (based on model
fit).

in Figs. 13 and 14, respectively, with respect to the actual release
concentrations. The value of calculated from the model
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provides a good estimate of the release concentration. The devi-
ation of measured data, in some cases from the linear fit, may be
attributed to signal fluctuations due to frequent wind gusts that
were laden with sand particles. This is particularly noticeable
with butanol for which data were not averaged.

V. CONCLUSIONS

A millimeter-wave radar chemical sensor was developed and
field tested at the Nevada Test Site. The objective of the test was
to demonstrate the capability of the sensor to remotely detect
chemicals that are pertinent to verification of the arms-control
treaty and environmental monitoring. The test of the sensor was
conducted in a trailer at a standoff distance of 60 m from a 2-m-
diameter plume. The return of radar signals was provided by a
0.9-m corner cube mounted behind the plume.

Although both dc- and ac-coupled data were collected re-
motely from a control room, the dc-coupled signals drifted be-
tween the time when the reference and plume signals were col-
lected, and eventually saturated the detector preamplifier. Due
to the dc drift, we could not absolutely determine molecular ab-
sorption with conventional procedures. The ac-coupled mode of
data collection, on the other hand, worked well during the en-
tire test period of h. However, the interpretation of ac-cou-
pled data is not straightforward, particularly for broad absorp-
tion lines occurring at atmospheric pressure.

A new model-based analysis procedure has been developed
to interpret and quantify the acquired ac-coupled data. The anal-
ysis shows that the difference between the reference and plume
signals for the ac-coupled (high-pass filtered) case is essen-
tially an amplitude modulation of the reference signal by the
plume absorption function. The correlation constant between
the measured and model data provides a quantitative estimate
of the chemical concentration. Good agreement between the
measured and model data was obtained for various release con-
centrations of methylchloride and butanol. A linear fit was ob-
tained between the estimated and actual concentrations. The de-
tection sensitivity of the sensor, for example, was 12 ppm for
methylchloride over a 4-m pathlength.

Since the long-term stability of the millimeter-wave sweeper
is generally poor, it was necessary to keep the time interval be-
tween the reference and plume signals short (within 2–3 min)
to obtain reproducible results. One approach to further improve
detection sensitivity is to use two reflectors, one in front and
another in back of the plume, and to steer the millimeter-wave
beam between the two reflectors. This allows for long signal
averages, while the time interval between the collection of ref-
erence and plume signals remains short.
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