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Application of Millimeter-Wave Radiometry
for Remote Chemical Detection

Nachappa Gopalsami, Senior Member, IEEE, Sasan Bakhtiari, Senior Member, IEEE,
Thomas W. Elmer II, Member, IEEE, and Apostolos C. Raptis, Life Member, IEEE

Abstract—Passive millimeter-wave systems have been used in
the past to remotely map solid targets and to measure low-pres-
sure spectral lines of stratospheric and interstellar gases; however,
its application to pressure-broadened spectral line detection of
industrial emissions is new. We developed a radiative transfer
model to determine feasibility and system requirements for pas-
sive millimeter-wave spectral detection of terrestrial gases. We
designed and built a Dicke-switched multispectral radiometer in
the 146–154-GHz band to detect nitric oxide (NO), a prototypical
gas of nuclear fuel processing operations. We first tested the
spectral detection capability of the radiometer in the laboratory
using a gas cell and then field tested it at the Nevada test site
at a distance of 600 m from a stack that released hot plumes of
NO and air. With features such as Dicke-switched integration,
frequent online calibration, and spectral baseline subtraction,
we demonstrated the feasibility of remote detection of terrestrial
gases by a ground-based radiometer.

Index Terms—Chemical detection, millimeter waves, ra-
diometer, remote sensing.

I. INTRODUCTION

WITH RECENT increased concerns about national secu-
rity has come the realization that acts of nuclear or chem-

ical terrorism could endanger large numbers of people in a short
span of time, as could industrial chemical accidents in densely
populated areas. In this regard, detection of chemicals in air,
especially remotely, is of paramount importance to national se-
curity, counterterrorism, leak detection, and environmental pro-
tection. It is important also in nuclear counterterrorism efforts
since certain chemical effluents from nuclear fuel reprocessing
facilities engaged in the production of fuels for nuclear weapons
can be the “tell tale” signatures of these operations.

Active and passive spectrometers operating in the optical
range have been employed in the past for environmental
monitoring and remote sensing applications [1], [2]. Optical
systems, which provide superb sensitivity as a consequence
of strong molecular absorptions from vibrational transitions,
are susceptible to atmospheric effects, and hence, are limited
in range of detection. Microwaves and millimeter waves are
highly suited for remote sensing applications because of the

Manuscript received August 27, 2007; revised November 8, 2007. This work
was supported by the U.S. Air Force.

The authors are with the Nuclear Engineering Division, Argonne Na-
tional Laboratory, Argonne, IL 60439 USA (e-mail: gopalsami@anl.gov;
bakhtiari@anl.gov; elmer@anl.gov; raptis@anl.gov).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
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longer wavelength in relation to cloud and dust particles and
less atmospheric attenuation in certain frequency windows.

While active remote sensing techniques based on radar
backscattering are routinely used to map out the earth’s re-
sources, they are not common for remote chemical detection
because of generally weak rotational energy transitions of
molecules in the microwave spectrum, but because the ro-
tational absorption increases generally with square of the
frequency, active measurement of airborne molecules at mil-
limeter-wave frequencies has been investigated in the past as an
extension of laboratory-based spectroscopic techniques [3], [4].

Passive microwave and millimeter-wave techniques have
also played an important role in terrestrial remote sensing
applications [5]–[7]. Due to the interaction between atoms and
molecules, all materials radiate electromagnetic energy. With
the radiation spectrum being governed by Planck’s radiation
law, the sensor output is a linear measure of the temperature
of the scene at millimeter wavelengths. A radiometer, which
essentially is a highly sensitive receiver, can be used to detect
blackbody radiation over a narrow range of the electromagnetic
spectrum. Utilizing the excellent contrast of the brightness
temperatures of materials, passive millimeter-wave imaging
systems, including focal plane imagers, have been developed for
detecting objects under optically opaque conditions [8]. In addi-
tion, passive millimeter-wave spectroscopy using multispectral
radiometers is employed in radioastronomy for detection of
interstellar molecules [9]. Radio telescopes are engaged in the
detection of narrow molecular emission lines from interstellar
molecules against a cold and uniform background, and they
generally operate from mountaintop observatories to minimize
the atmospheric effects. Also, ground-based radiometers have
been used for tropospheric water vapor profiling by measuring
the brightness temperatures of the rather strong water vapor
line peaks at 22.2 and 183.3 GHz [10], [11].

This paper addresses a ground-based radiometer for passive
millimeter-wave detection of chemicals in terrestrial conditions
wherein atmospheric attenuation and molecular line broadening
effects pose formidable challenges. We will present the design,
fabrication, and testing of a passive millimeter-wave spectrom-
eter for remote detection of airborne nitric oxide (NO), which
is a prototypical chemical involved in nuclear spent fuel re-
processing. While [12] and [13] have included preliminary re-
sults of radiometer modeling, design, fabrication, and proof-of-
principle tests in the laboratory, this paper presents comprehen-
sive results of radiometric theory, prototype radiometer design,
data acquisition, signal processing, and field test results from
the Nevada test site. To the best of our knowledge, this is the
first time a ground-based millimeter-wave radiometer has been

0018-9480/$25.00 © 2008 IEEE
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demonstrated for remote detection of airborne industrial emis-
sions—an important problem to national security and environ-
mental protection.

II. RADIATIVE TRANSFER MODELING

Based upon the relationship between the brightness and
apparent temperatures, the general solution of the radiative
transfer equation for a scatter-free atmosphere can be written
as [7], [12], [13]

(1)

in which

(2)

is the apparent temperature of the semiinfinite atmos-
phere observed at a zenith angle from a ground-based ra-
diometer, is the absorption coefficient of the atmospheric
medium at height is the brightness temperature of the
background, and is kinetic temperature of the atmospheric
medium at height . Under the assumption that each layer is ho-
mogeneous, (1) reduces to

(3)

in which the integration is from to and the ki-
netic temperature . By modeling the atmosphere as
a stratified medium made of homogeneous plane layers, (3) can
be used to numerically calculate the apparent temperature of the
atmosphere. The main millimeter-wave-absorbing molecules in
the atmosphere are water vapor and oxygen; in the frequency
range of 0–300 GHz, there are water lines at 22.2 and 183.3 GHz
and oxygen lines at 60 GHz (a cluster) and 118.75 GHz. The
pressure-broadened absorption coefficients for these lines, for a
given water vapor density, were calculated as a function of at-
mospheric height by using the tabulated values of attenuation
parameters in Ulaby et al. [5]; oxygen concentration was as-
sumed to be 21% by volume. Fig. 1 depicts the geometry of the
detection scenario for an upward-looking radiometer. The target
cloud is NO, which emanates from a stack pipe in the form of hot
gases. The millimeter-wave absorption coefficient of NO is cal-
culated from the Jet Propulsion Laboratory database [14] and is
plotted in Fig. 2 by taking into account pressure broadening. The
origin of the lines near 150 and 250 GHz is due to a respective
series of and rotational transitions
of the electronic ground state of NO [15]. The background
is assumed to be a mountain with emissivity . The atmos-
phere is divided into three layers with the target plume located
in the middle layer. The emission and absorption of each layer
are calculated separately and the contribution from all layers is
propagated downward to determine the apparent temperature at
the radiometer position. Numerical integration is performed for
calculating the absorption coefficient in each layer. Using the
closed-form solution given in (3), contributions from the upper

Fig. 1. Geometry of the scene used for the radiative transfer model consisting
of gas plume and background within a stratified atmosphere (from [12]).

Fig. 2. Pressure-broadened absorption spectra of NO; the results are for 1% by
volume of the molecule at 760 torr in 1-cm path length.

layer, plume (cloud), and the lower layer, respectively, can be
written as

(4)

(5)

(6)

where and are the height and depth of the plume, is the
height of the atmosphere, and is the absorption coefficient
for each layer. The contributions from (4) to (6) may then be
combined to determine the apparent temperature at the ground
level using

(7)

Fig. 3 gives the calculated absorption coefficient for standard
atmosphere containing oxygen and water-vapor molecules only.
To simulate the response of a Dicke-switched radiometer, the
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Fig. 3. Absorption coefficient for standard atmosphere containing oxygen and
water vapor as a function of frequency. Simulation parameters include � =

0 ; H = 2:5 km; T = 288:15 K and V = 7:5 g � m (from [12]).

apparent temperatures in all cases were calculated twice, once
without and once with the plume being present. Fig. 4 shows
the effect of distance to background on the radiometric temper-
ature at a zenith angle of 84.3 . For the results shown here, the
distance to the plume is kept constant, while the distance to the
background increases from 5 to 10 km. Although the differen-
tial temperature at both peak absorption frequencies declines at
larger background distances, the peak at the higher frequency
( 250 GHz) is attenuated by the atmosphere more strongly than
the one at lower frequency ( 150 GHz).

As the distance of the ground-based sensor increases from
the stack, the viewing angle becomes near horizontal for which
the atmosphere would act as a blackbody and the apparent
temperature of the sky as a background would be close to the
ambient temperature. In this case, if the plume is at ambient tem-
perature , the difference in temperature with and
without the plume against the sky background will be zero. A
mountain (with ) behind the plume reduces
the path length of the atmosphere and would make a colder back-
ground behind the plume.

The modeling results show that: 1) a terrestrial background
such as a mountain is almost a necessity for long-range detec-
tion of chemical plumes at near ambient temperatures; 2) the ex-
pected change in temperature that a radiometer observes from a
weakly absorbing plume, such as that of NO, is very small—in
the order of tens of millikelvin; and 3) at large standoff dis-
tances, the observable signal for NO is stronger for the 150-GHz
line than for the 250-GHz line, in spite of the inherently stronger
line at the higher frequency.

III. DESIGN AND FABRICATION OF RADIOMETER

A 16-channel radiometer, covering the frequency range of
146–154 GHz, with 500-MHz bandwidth (BW) per channel,
was designed to detect the 150-GHz line of NO. To detect the
weak spectral signal of NO, it is necessary to use a Dicke-
switching radiometer configuration with long integration times.
The minimum detectable temperature of a Dicke-switched ra-
diometer, i.e., , is given by [7]

(8)

Fig. 4. Difference temperature as a function of frequency for distances to back-
ground of: (a) 5 km and (b) 10 km, keeping the target distance constant. For both
cases, h = 0:1 km, d = 0:01 km, T = 288:15 K, " = 0:7, and 1% by
volume of NO (from [13]). (a) � = 84:3 ; R = 1:0 km; R = 5:0 km.
(b) � = 84:3 ;R = 1 km; R = 10 km.

where is the antenna temperature, is the receiver noise
temperature, is the predetection BW, and is the integra-
tion time. Using a single-sideband noise figure of 11.9 dB in
accordance with vendor quotations for a heterodyne system at
150 GHz, the receiver temperature is K. With

K, MHz, and s, the minimum
detectable temperature from (8) is mK. For this
case, the detection sensitivity for NO as derived from Fig. 4(a)
is 3.28 parts per thousand. If we use a direct frequency low-noise
amplifier (LNA) instead of the heterodyne system, it is possible
to obtain an order of magnitude improvement in detection sensi-
tivity. However, an LNA in the 150-GHz range is still not com-
mercially available, but potential exists for it to be built with
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Fig. 5. Schematic diagram of 16-channel passive millimeter-wave spectrom-
eter.

the latest InP-based pseudomorphic high electron mobility tran-
sistor technology.

A multispectral radiometer system consisting of millimeter-
wave front-end assembly, back-end electronics, and data acqui-
sition hardware and software was assembled as shown in Fig. 5
[12], [13]. A mixer at the front end converts the millimeter-wave
frequencies that are centered around a local oscillator frequency
of 164 GHz to an IF frequency band of 10–18 GHz; the cor-
responding RF passband frequencies are 146–154 GHz (lower
sideband) and 174–182 GHz (upper sideband). A low-pass filter
with a cutoff frequency at 160 GHz in front of the mixer passes
only the lower sideband signals of interest to the IF band. The
IF signal subsequently goes through three stages of amplifica-
tion. A two-stage four-way power divider splits the signal into
16 channels, each of which goes through a bandpass filter, with
the set of filters spanning the 10–18-GHz band with a 500-MHz
BW each. The output of each filter is fed to a Schottky bar-
rier diode detector and three stages of video amplifiers to pro-
vide video frequency output for the corresponding channel in
the form of , where is the gain constant
and is the receiver noise temperature of the th channel. The
video amplifiers contain a precision dc offset correction circuit
to nullify the constant value related to before amplifi-
cation. The millimeter-wave electronics and the IF filter bank
were originally built as a total power radiometer for some other
application.

We modified the total power radiometer to operate in a Dicke-
switched mode by simply installing an optical chopper in front
of the antenna unit and performing the Dicke-switched integra-
tion by software. The chopper with its blades coated with an ab-
sorber material provides a trigger signal for separating the refer-
ence and scene signals. While the conventional Dicke switching
is implemented in hardware with a synchronous detection of the
reference and scene signals, we have implemented it in software
by subtracting and integrating the respective portions of what is
effectively two total power radiometer signals for the reference
and scene. The two schemes are essentially the same in terms
of their signal-to-noise performance, but the latter is prone to
thermal drifts of the dc amplifiers.

Fig. 6. Single channel output. (top) Raw signal of a heat lamp with chopper
data. (bottom) Dicke-switched integrated signal for a sequence of loads (heat
lamp, absorber in liquid nitrogen, and alternating ambient and hot loads).

The video frequency outputs of the radiometer and the syn-
chronization (TTL) signal from the optical chopper are all fed to
an 18-bit data acquisition (DAQ) board that is capable of sam-
pling at 500 kS/s. Data collection and Dicke-switched integra-
tion of the signals were performed by a LabVIEW program. The
data segments were parsed into two parts corresponding to the
reference (chopper ON) and scene (chopper OFF) portions, and
the two segments were averaged and subtracted from each other
to provide a single integrated data point that represents the ap-
parent temperature of the scene. Fig. 6 (top), for example, gives
a 2-s trace of raw data for one of the channels for a hot load
(a ceramic heat lamp at 100 C) along with the chopper signal.
A synchronous integration of the raw signal with the chopper
signal over the whole period of 2 s reduces to a single integrated
point ( 1 V), as indicated on Fig. 6 (bottom), which shows the
response of the channel for different loads. Nearly two orders of
magnitude improvement in the signal to noise is evident with the
2-s integration. Fig. 6 (bottom) gives the response of the channel
for various scenes, starting with the ceramic hot load and a cold
load (an absorber immersed in liquid nitrogen), followed by al-
ternating scenes of an absorber at ambient temperature and the
hot load. The results show the sensitivity and long-term stability
of the radiometer to changes in scene temperature.

We next tested the efficacy of long integration times in re-
ducing measurement uncertainty. Fig. 7 gives the measured per-
formance characteristics of individual channels; the rms value of
measurement uncertainty is plotted as a function of integration
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Fig. 7. Root-mean-square deviation of the signal with integration time.

Fig. 8. Laboratory setup for passive measurement of emission spectra of gases
at millimeter wavelengths (from [12]).

time in a semilogarithmic scale. As expected, the measurement
uncertainty decreases linearly with the square root of integration
time for the most part. The slopes of the signals for the various
channels vary due to differences in their amplifier gains . Fur-
thermore, the linearity suffers as the integration time becomes
large because the dc video amplifiers drift slowly into the non-
linear range, eventually reaching saturation after a few hours.

IV. PROOF-OF-PRINCIPLE TESTING

To test the proof of principle of passive millimeter-wave
spectroscopy, several experiments were conducted by using
chemicals with known absorption lines. The laboratory setup
for the measurement of emission spectra at millimeter wave-
lengths is shown in Fig. 8. It mimics the detection scenario in
the field, i.e., the radiometer receives the emission signals from
a gas in a transparent cell against a thermally contrasting back-
ground. Instead of a hot gas against an ambient temperature
object in a field scenario, here we use an ambient temperature
gas against a cold background. Measurement was made with
a 30-s integration time and over a 30-min time span. The
normalized radiometer response for a hot load (time interval
from 0 to 5 min), human hand (time intervals centered at

7 and 15 min), and CH CN vapor (centered at 10 and
20 min) is given in Fig. 9(a) and the corresponding spectral

image in Fig. 9(b). While all channels show the same normal-
ized response for uniform loads such as the hot load and hand,
the response pattern changes when CH CN is introduced into

Fig. 9. Display of laboratory measurement results for hot load, hand, and
CH CN gas at various pressures. (a) Normalized data for all channels.
(b) Spectral image of the various scenes. (c) Spectra at marked time instances.

the cell due to its emission spectra. Typical frequency responses
of the channels for hand and CH CN at various pressures are
shown in Fig. 9(c); the channel numbers 15-0 correspond to the
frequency range of 146.25–153.75 GHz in 0.5-GHz intervals.
To test the pressure broadening effect, we mixed nitrogen to
CH CN at 22.4 torr; the line broadening and dilution effects
are clearly seen in the spectral responses for CH CN–nitrogen
mixtures at 60 and 90 torr.

Since the rotational spectra of CH CN are known and can
be obtained from molecular spectral databases such as that of
the Jet Propulsion Laboratory [14], we can calculate its emis-
sion spectra for a temperature difference of 223 K and com-
pare it with the measured spectrum. CH CN is a symmetric top
and there are several strong K-type transitions
at 147 GHz, which will broaden with pressure and occupy the
lower end channels near 146 GHz. Fig. 10 gives the calculated
and measured emission spectra for 5% CH CN at 1 torr. While
the agreement is fairly good at high signal (emission) levels, the
channel fluctuations become obvious at low-signal levels. This
finding shows that extreme care must be taken to bring down
these uncertainties by frequent calibration, channel normaliza-
tion, signal integration, and baseline subtraction.

V. FIELD TESTING

Fig. 11 sows the test scenario at the Nevada test site in which
a hot plume of air or NO at 140 C was released from a 21.95-m-
high stack of internal diameter 0.5 m. The spectrometer was sit-
uated in a trailer 600 m away from the stack in the crosswind
direction, and it was pointed through a transparent window to
the plume near the top of the stack against the background of
a mountain approximately 8 km behind the stack. The outside
temperature, during tests, was from 43 C to 46 C; the wind
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Fig. 10. Comparison of measured (}) and simulated (*) spectra for 5%
CH CN at 1 torr (from [13]).

Fig. 11. Field test scenario at the Nevada test site. (a) Schematic diagram.
(b) Photograph of the scene.

was blowing hard at times and the relative humidity was higher
than normal, 40% because of the prevailing monsoon season.
A Fourier transform infrared (FTIR) instrument was mounted at
the top of the stack to provide an in-situ quantitative measure-
ment of the released NO levels.

The laboratory unit was modified for the field tests as follows.
To improve the fill factor of the antenna footprint on the plume,
a 0.3-m lens antenna was installed and matched to the scalar
horn of the radiometer (see Fig. 12). The (3 dB) beamwidth
of the lens was 0.47 , which provides a footprint of 4.9 m at a
distance of 600 m. The entire radiometer assembly was mounted
on rotational and tilting platforms to align along azimuth and
elevation. A pointing telescope was also mounted on top of the
receiver in parallel with the lens axis for visually aligning the

Fig. 12. Field setup of passive millimeter-wave spectrometer system.

lens antenna on the target. The whole RF front-end assembly
was thermally isolated and cooled by a thermoelectric cooler
to maintain the radiometer front end at a constant temperature
(12 C), which would help minimize the drift of the channel
gains.

A radio beacon at 150 GHz (frequency multiplied IMPATT
source with a horn antenna) was used at the foot of the stack
to further refine the alignment of the lens antenna on the target.
With the radio beacon at the foot of the stack and aimed toward
the receiver (with a strong attenuator in the front of the horn to
avoid saturating the receiver), we aligned the receiver antenna
for maximum signal while the telescope was adjusted to point at
the antenna horn of the beacon. This alignment should hold good
for that fixed radius; hence, the telescope view can be used for
aiming the receiver to the top of the stack. We next tested the ra-
diometer readouts of the scenes around the stack. Fig. 13 shows
the apparent temperatures of a sequence of scenes: an absorber
in front of the antenna, the ground, middle, and top parts of the
stack, and the sky at the viewing angle (near horizon) of the top
of the stack; they were calculated on the basis of the hot and
cold load temperatures. The mountain appears colder than the
ground; the sky appears colder than the mountain for the short
(600 m) range, but the sky temperature will increase as the range
and the zenith angle increases. Note that the horizontal lines be-
tween the object signals represent breaks in the data collection.
The channel gains drift increasingly as a function of time, thus
necessitating frequent calibration and gain normalization. For
this, we devised two constant temperature loads: a blackbody
absorber (honeycomb) at ambient temperature and a ceramic
heat lamp with a constant temperature of 100 C. These loads
would be precisely positioned in front of the lens every 5 min
for calibration.

The acquisition and real-time analysis of the radiometric data
were performed under the LabVIEW environment. The virtual
instrument interface of the acquisition software was developed
to simultaneously collect data from all 16 channels of the ra-
diometer. The primary functions of the software include simul-
taneous acquisition and recording of raw data, real-time refer-
ence subtraction, instantaneous display of spectral lines across
frequency channels, options to save the original and differential
traces, dynamic calibration, creating event markers for post-test
analysis, and monitoring and saving temperature data from the
cooling system. The LabVIEW interface was optimized to pro-
vide real-time processing and display of the spectral data; even
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Fig. 13. Thermal signatures of objects around the measurement stack.

so, it was not fast enough, without losing any data record from
the DAQ board, to detect radiometric temperature variations for
weakly emitting/absorbing molecules in real time. Therefore,
additional postprocessing of data was devised to achieve the
necessary level of sensitivity.

A series of algorithms were implemented in MATLAB pro-
gramming language for post processing of the radiometric data.
To simplify the operations, the scripts were later integrated into
a graphical user interface (GUI). Radiometric data may be pro-
cessed and displayed by the GUI in various formats including
time trace, spectrograph, and frequency cross-section profile, as
shown in Fig. 9. Main postprocessing steps of the data, which
are aimed at detecting the spectral line of a target chemical in
the plume, are listed as follows:

1) gain normalization;
2) spectral baseline subtraction;
3) integration in time;
4) temporal baseline subtraction;
5) aggregation of channels for signal enhancement.

The multichannel radiometer output of the scene, given by (7),
is a function of time and spectral line frequency , and it may
be simplified by neglecting atmospheric attenuation as

(9)

where is the concentration of the target chemical and is
the Lorentzian line shape function of the spectral line [3]

(10)

in which is the integrated line peak and is the linewidth
(see Fig. 2). The discrete time output for a 15-channel (the 16th
channel is used for trigger data from the chopper) radiometer is
given by

(11)

Fig. 14. Signal processing steps illustrated with multichannel output
for a plume release with periodic calibration using hot and cold loads.
(a) Dicke-switched raw data of all channels with different gains. (b) Gains
normalized with hot and clod load responses. (c) Spectral baseline subtracted
before the release of the plume. (d) Temporal baseline subtracted to mitigate
atmospheric fluctuation.

Fig. 14(a) shows a time trace (amplitude versus data bin) over
a 60-min time period of all 15 frequency channels for a refer-
ence scene above the stack; the step changes indicate hot and
ambient temperature loads used for calibration. First, the ampli-
tudes of all channels are independently normalized to adjust for
gain variations among the channels [see Fig. 14(b)]. The scaling
factors are calculated based on the hot and cold loads used in
calibration.

The second step is spectral baseline subtraction, which con-
sists of subtracting the plume spectra from the reference spectra
at time before the start of the target gas

(12)

For time and small, (12) becomes

for (13)

Fig. 14(c) gives the spectral baseline subtracted data. Ideally the
radiometer data (in between calibration points) should display
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only the spectral data, proportional to the line strength and the
difference temperature between the plume and background.

In the third step, all the data traces are integrated by using
a moving average filter (integration step); the filter parameters
are selected based on the integration time needed. This step av-
erages out the temporal fluctuation and reduces noise.

The fourth step is temporal baseline subtraction in which the
time trace of the beginning frequency channel is subtracted from
the remainder of the frequency channels

(14)

where .
Since atmospheric fluctuation affects all channels equally

within the BW, this step of subtracting the beginning channel
data from the remainder of the channels compensates for
atmospheric fluctuation. Fig. 14(d) gives the temporal baseline
corrected data. From (14), the processed data should show
zero values for all channels before the NO release (during the
reference scene) because is zero during the reference scene
and should show the NO spectral spread during the NO release.
A comparison of spectral data at times of hot air and NO
releases show a closely spaced spectral data for hot air (middle
portion) and spread out spectral data during the NO release
(end portion). Note that the calibration scene is also subtracted
out in this step. Some of the channel spread in the beginning
and end portions is due to a lack of data points in an -point
moving average.

To enhance detection potential for a chemical with known
spectral line shape, we implemented a postprocessing routine
into the MATLAB GUI to arbitrarily aggregate frequency chan-
nels. This routine may be used, for instance, to aggregate the
frequency channels around a spectral peak and those around its
tails and subtract the two to bring out the maximum difference.
This two-point difference detection scheme increases the detec-
tion potential for weak spectral signals.

Figs. 15 and 16 present the detection results for an NO release
mixed in air at a temperature of 140 C at 4620 ppm, and Fig. 17
that at 2852 ppm. The release sequence in the first release con-
sisted of hot air release for 20 min, followed by four releases
of NO mixed with air in 5-min stretches with a 2-min break in
between the releases for calibration. Since the NO line peaks in
the middle of the BW and flattens to zero at the ends (Fig. 2), the
probability of detection may be improved by the two-point dif-
ference detection scheme of summing the five central channels
and subtracting the sum of ten outer channels. Fig. 16 shows
the result of this two-point difference detection for a 15-min in-
tegration; the inset (arbitrarily scaled) provides the FTIR data
from the stack-mounted system, showing the time sequence of
the NO release and its concentration. The two-point data clearly
indicates the difference in signal for NO and air. The NO signal
appears extended on both sides of the start and stop of the re-
lease because of the 15-min moving average filter.

Fig. 16 depicts the results of model-fitted data of the first re-
lease (corresponding to 4620 ppm) using all channels, based on
a least squares fit of the NO line shape with the frequency pro-
file data. Fig. 16(a) gives the best fitted line peak for air and
NO data as a function of time, Fig. 16(b) is the frequency image

Fig. 15. Detection of NO at 4620 ppm: difference between the central and outer
channels.

Fig. 16. Model-fitted data of NO release at 4620 ppm. (a) Normalized data.
(b) Spectral image. (c) Frequency profiles at various time instances.

of the data in Fig. 16(a), and Fig. 16(c) gives typical responses
of model-fitted spectral lines of NO at various time instances.
The model-fitted data analysis indicates better detection poten-
tial for the case of detecting the presence of a known chemical
in a plume.

With the two-point difference detection analyses used in
Fig. 15, but with a 5-min integration time, the detected trace
for second release at 2852 ppm of NO in air is given Fig. 17.
The release sequence consisted of 18 min of hot air, 9 min of
intermittent puffs of NO, and 10 min of NO at 2852 ppm. Once
again, the two-point difference plot shows the times of NO
release clearly, although with a lower signal-to-noise ratio than
of Fig. 15, which had a higher release concentration.
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Fig. 17. Detection of NO at 2852 ppm: difference between the central and outer
channels.

The detection sensitivity of the system can be improved many
fold by minimizing the drift in the video amplifier part of the
receiver. We have implemented 16 IF channels by power split-
ters and filters, each channel having its own diode detector and
dc amplifier chain. The main uncertainty in the spectral data
has been the drift of these individual channels having different
diode responses and video amplifier gains and offsets. The dc
amplifiers drifts may be frequently zeroed out manually and
calibrated often, or the filter bank may be kept in a thermally
controlled environment to minimize the amplifier drifts, which
are mostly thermal in nature. It is also possible to calibrate out
these uncertainties along with any nonlinearities by using pre-
cision noise injection in the RF stage [10]. Another option is
to implement the synchronous detection between the reference
and scene signals in hardware and using ac-coupled amplifiers,
as is done in the conventional Dicke switching. With such im-
provement and frequent calibration, we believe the system can
detect NO, which is inherently a weak absorber (10 cm )
to a 100-ppm sensitivity level. Note for molecules with stronger
dipole moments such as hydrogen sulfide (10 cm ) and hy-
drogen cyanide (10 cm ), the current system as such is ca-
pable of detecting 1–10 ppm.

VI. CONCLUSION

We have designed and developed a remote sensing radiometer
for spectroscopic detection of airborne chemicals from a fa-
cility’s stack. A radiative transfer model was developed to sim-
ulate the expected radiometric signals for typical terrestrial re-
mote sensing scenarios. The simulation results showed the feasi-
bility of detecting polar gases such as NO from a few kilometers
using a state-of-the-art radiometer with a long integration time
(up to 10 min). A Dicke-switched radiometer was built to mea-
sure the 150-GHz spectral line of NO between 146–154 GHz
with 16 channels having 500-MHz BW per channel. The proof
of principle was tested in the laboratory by passively measuring

a spectral line of CH CN vapor in a gas cell against the back-
ground of a liquid-nitrogen load. The measured spectra agreed
well with the calculated spectra of CH CN.

The spectrometer front end was fitted with a lens antenna
and mounted on a tilting and swivel platform for field tests.
A LabVIEW-based data acquisition and signal processing soft-
ware was developed to allow gain normalization, dynamic cal-
ibration, baseline subtraction, signal integration, and spectral
data display. MATLAB-based postprocessing software was also
developed to allow temporal and spectral baseline subtraction,
channel aggregation, and model-fitted spectral data processing.
The radiometer, located in a trailer, 600 m away from a re-
lease stack at the Nevada test site detected NO releases of a
few parts per thousand in air. The main uncertainty in the spec-
tral data has been the drift of the individual IF channels having
different diode responses and video amplifier gains and offsets.
This uncertainty may be reduced in the future design by imple-
menting either the noise injection scheme to calibrate out the
uncertainties or the synchronous detection part of the Dicke-
switching in hardware, which allows the use of ac-coupled am-
plifiers. With such improvement and frequent calibration, we
believe the system can detect NO, which is inherently a weak
absorber (10 cm ) to a 100-ppm sensitivity level. Applica-
tion of spectroscopic techniques for passive detection of terres-
trial gases at millimeter-wave frequencies is a new frontier in
science and the offshoots of this technology are expected in the
future to have industrial, scientific, and medical applications.
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