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Abstract—in this paper, we present the first gas-absorption Il. EXPERIMENTAL SETUP

spectra measured with an all-electronic terahertz spectrometer. . .
This instrument uses phase-locked microwave sources to drive [N the spectrometer we use here, we spatially combine
GaAs nonlinear transmission lines that produce picosecond pulses,the freely propagating beams from two coherent picosecond
enabling measurement of broad-band spectra. By sweeping the pulse generators (which have discrete spectra ranging from 6 to
f““dame?tal‘,' excation, ?oYvevler, the spectrometer can a'st,o Mea- 450 GHz), resulting in a compact, reliable, and easy-to-imple-
sure single lines with hertz-level precision, a mode of operation no : - ]

readily available with optoelectronic terahertz techniques. Since ment mlqrowave and m|II_|meter wave source for spectroscopy.
this system is based on integrated circuits, it could ultimately Since this dual-source interferometer (DSI) modulates each
function as an inexpensive gas-sensing system, e.g., for vehicléiarmonic of one source with a precisely offset harmonic

emissions, an application for which we analyze the sensitivity of a from the other source—both sources being driven with stable

prototypical system. phase-locked synthesizers—the resultant beat frequency can be
Index Terms—Electronic terahertz, environmental monitoring, low enough for detection by a standard composite bolometer
gas absorption, nonlinear transmission line, spectrometer. [3]. Room-temperature detection possibilities for the DSI

include antenna-coupled Schottky diodes. An integrated fre-
guency translator [4], [5] will further improve the portability

and reduce the cost of this system.
HERE IS A strong need for multispecies gas sensing to

monitor automotive and factory emissions, particularly iA. Spectroscopy Using Nonlinear Transmission Lines

the presence of particulates (e.g., soot from diesels) that scattey, generate broad-band (discrete) spectral energy, we use
near-infrared radiation (NIR) used in current gas sensors.  nponjinear transmission line (NLTL) pulse generators coupled to
For wavelengths longer than the NIR, Fourier-transform iflyoad-band planar antennas. The GaAs integrated circuit (IC)
frared (FTIR) spectroscopy is the dominant method for megy T|’s used in this study consist of series inductors (or sections
suring multiple gas-absorption spectra [1]. While this techniqug high-impedance transmission lines) with varactor diodes pe-
is employed to accurately measure the millimeter-wave regimggically placed as shunt elements. On this structure at room
with specialized equipment [2], the relative weakness of t'?@mperature, a fast{1-2 ps) voltage step develops from a si-
black-body source (usually a mercury vapor arc lamp) beloyy,spidal input because the propagation velocity modulated
1O_crn‘_1 (300 GHz) requires prohibitively long scans and avegy the diode capacitance(V) = 1/,/LC(V), whereL is the
aging times. _ ~line inductance and’(V') is the sum of the diode and parasitic
In this study, we employ a spectroscopic method that is nffe capacitance [6], [7]. Limitations of the NLTL arise from its
only compact, but also free of the need foracoherentdetectorpigiodiC cutoff frequency, waveguide dispersion, interconnect
that an incoherent (e.g., photoconductive or bolometric) detgfetallization losses, and diode resistive losses. Improvements
tion mechanism can be used (Fig. 1). This eliminates the Nojge\LTL design have resulted in sub-picosecond pulses at room
inherent in a sampling detector and establishes a baseline fortgh’]perature [8].
ture fully integrated implementations that would use sampling | the DSI, the output of each NLTL feeds an integrated
detectors. bow-tie antenna (Fig. 2) mounted at the focus of a hyperhemi-
spherical high-resistivity silicon lens [9]. These lenses in turn
are mounted at the foci of off-axis paraboloidal mirrors. The

, . . . beams collimated by the mirrors are either transmitted (Source
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Fig. 1. Dual-source spectrometer system configured for gas-absorption measurements. Inset shows raw and smoothed data from 0.1-torfidai(@@g)sul
versus vacuum from a 760-mm-long cell, uncorrected for background power slope. Horizontal scale is 20 kHz per large division.
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Fig. 2. DSl configuration. Each source/antenna combination is at the focus of a paraboloidal mirror and radiates a polarized beam, whicteid ¢tAfjsanitt
reflected (“B”) by the PB. The output wire grid polarizer (P) selects half the power of each beam. The output waveform is that detected by a balometer [3]

precise amplitude (0.01 dB) and frequency (1 Hz) control @xpensive single source combined with a new NLTL-based fre-
the fundamental excitation. quency translator [4], [5].

Each source is fed by a 100-500-mW sinewave generated
by one of two microwave synthesizers, both of which share a
common 10-MHz timebase. The output of one synthesizer is
offset byAf <« f, (Af ~ 100 Hz, ; f, = 3-10 GHz), and As shown in Fig. 1, the DSI can illuminate a single-pass
this offset is used as a trigger for a fast Fourier transform (FF&psorption cell using off-axis paraboloidal mirrors to collimate
spectrum analyzer or digital lock-in amplifier. While the synthe radiation and collect it for detection by the bolometer. Using
thesizers and broad-band power amplifiers used in the presauligital lock-in amplifier, we could measure a single harmonic
demonstration are expensive, they could be replaced by andf-the DSI, in this case, at 133.785980 GHz, the twentieth

Ill. RESULTS
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] . TABLE |
¢ A A DETECTION LIMITS FOR COMMON EXHAUST GAS SPECIES
(] i A
A A Species | Detection limit (concentration)

c - o H,O 0.0081
S 0.1
I . Co 0.025
g S | N0 | 0018
§ || 56T NO 0.0084
= 0.01 - 53.2T NO, 0.0080

® 40 Torr OCS meas. H,CO | 0.00019

SO, 0.00034
1 1 1
00055 100 150 200 250 300 . L .
Frequency (GHz) where the sum is over the gas species in the mixturegaadd

p; are the cross section and the partial pressure, respectively, of
Fig. 3. 40-torr OCS broad-band absorption data from a 4-m cell (pointfj€ €ach gas component.
compared to HITRAN database predictions for 38-, 45.6-, and 53.2-torr OCS. What is measured experimentally is the raBpPO, The in-
formation about the composition of the gas mixture is obtained
harmonic of the fundamental of 6.689 299 GHz. To measure the fitting the linear combinatior} , o;p; to the experimental
data shown, we used a third synthesizer to provide the 10-MHRsorption spectrum by adjusting the partial presspyeéwe
timebase for the microwave synthesizers, and then varied thisasure the ratio = P/F; at frequencieg; enumerated by a
10-MHz signal to continuously sweep the harmonics of thdiscrete indey to get a vector-; of absorptions at frequencies
DSI. This enabled the extremely narrow linewidth of 0.1-torf;, the partial pressures of the gasses in the mixture can be ex-
OCS to be resolved, with an equivaleftf,/Af) of >8 x pressed as
10°. We have also measured CO and Nies using the same RT
method. This represents the first such lines to be resolved at pi=——— Z Aijlnr;
this precision. Aoz 5
By measuring nominally 40-torr OCS absorption in the con- . - _ .
ventional fixed-fundamental mode (Fig. 3), we observed god¥1€"® the matrixi;; is given byA = (ss7)"'s,andsis the ma-
correspondence with the predictions of the HITRAN moleculgt?x of cross sections; of the gasses in the mixture at frequen-

database, though some effects of standing waves were appafdfit /: e superscript in s* denotes matrix transposition.
Extracting information about partial pressures from the absorp-

tion spectrum is possible if and only det(ss*) # 0, which
formally requires that the number of frequencies at which we

In order to set a baseline for comparison of future all-elegneasure the absorption is not less than the number of gas species
tronic terahertz systems to be used for diagnostics of emissiopssent in the mixture. In practice, the number of analyzed fre-

here we establish limits of sensitivity for pollutants commonlyguencies in our system is much greater than the number of de-
found in car exhaust. Rather than use the DSI configuratigécted gas species.

with a bolometric detector, which would be impractical for auto- The sensitivity of the method depends on:
motive on-board diagnostics, future systems may employ sam-, ghsorption spectrum of the particular substance in the fre-
pling detectors at possibly lower sensitivities. Thus, we ana- quency range generated by the system:
lyzed system uncertainties versus frequency in a conventional, presence of other absorbers: '

sampling detector configuration [14]-[16]. We performed de- , jccyracy of the measurement of the absorption spectrum:
tailed measurements and analysis of the transmission coefficient, i, case of gasses, the ambient pressure and temperature.

uncertainty in a system with moderate performance, and foundrpe effect of the absorption spectrum uncertainty on the sen-

it to be <0.5 dB, (in the range of 0-200 GHz, similar to thg;jivity measurement can be analyzed as follows. Assume that

~0.2-0.4 dB reported by Koniskt al{17], and the 0.2-0.3 dB ¢ yncertainty of the measurement of the absorptioat the

ofthe DSI configuration), rising at2 dB/100 GHz (inthe range i, frequency isr;. The uncertainty of the partial pressure of

of 200-500 GHz). _ , theith gas is then
The power of a microwave signal traveling through length

IV. ANALYSIS

of gas at temperatufg and pressurg is RT Ar:\2
ane =4 [ 3 (4552
Agz - T
P(z)=Pyex —0@7 J ’
) =1 P RT <

assuming that other quantities have negligible uncertainties. The
whereR is the gas constank = 8.314 J/(mol K), o is the cross uncertainty of the partial pressurep; is essentially the detec-
section of the moleculed, = 6.023x 10?2 mol~! is Avogadro's tion limit, or sensitivity, for theith gas.
number, and?, is the incident power of the microwave signal. Using measured uncertainties with an achievabi®0 ms
If we have a mixture of gasses, the above formula then beconaagraging time and th& = 400 K, P = 1 atm HITRAN
gas spectra typical of automotive tailpipe conditions, we obtain
P() = Pyexp <_ Agz Z inz) the following detection limits for common exhaust gas species
RT < shown in Table I.
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Improvements in these sensitivities will come with frequency15]
modulating the source (as demonstrated above) to continuously
sweep through absorption lines rather than use the fixed frqm]
quencies of this analysis.

V. CONCLUSION [17]

We have described and demonstrated a technique for gas-ab-
sorption spectroscopy using a new all-electronic terahertz inter-
ferometer having no moving parts, but rather one whose phase is
controlled electronically via a frequency offset between its two
identical sources. This enables extremely high quality-factor
measurements of low-pressure absorption while ensuring a
lute accuracy set by phase-locked synthesized sources.

This study lays the foundation for multispecies gas sp
troscopy using multiple-resonant cavities and fully integrat
terahertz sources and detectors.

REFERENCES

G. W. Chantry,Long-Wave Optics New York: Academic, 1984, vol.
1.

M. N. Afsar, “Dielectric measurements of millimeter-wave materials
IEEE Trans. Microwave Theory Te¢hiol. MTT-32, pp. 1598-1609,
Dec. 1984.

D. W. van der Weide and F. Keilmann, “Picosecond dual-source interfer:
ometer extending Fourer-transform spectrometer to microwave regime
in IEEE MTT-S Int. Microwave Symp. Djgol. 3, New York, NY, 1996,
pp. 1731-1734.

(1
(2]

(3]

[4]
band frequency translator,” iEEE MTT-S Int. Microwave Symp. Djg.
vol. 3, New York, NY, 1998, pp. 1431-1434.

——, “Distributed broad-band frequency translator and its use in a 1-3
GHz coherent reflectometetZEE Trans. Microwave Theory Techol.
46, pp. 2244-2250, Dec. 1998.

M. J. W. Rodwell, M. Kamegawa, R. Yu, M. Case, E. Carman, and K. §
Giboney, “GaAs nonlinear transmission lines for picosecond pulse ge
eration and millimeter-wave samplindBEE Trans. Microwave Theory
Tech, vol. 39, pp. 1194-2004, July 1991.

M. J. W. Rodwell, S. T. Allen, R. Y. Yu, M. G. Case, U. Bhattacharyal
M. Reddy, E. Carman, M. Kamegawa, Y. Konishi, J. Pusl, R. Pullel
and J. Esch, “Active and nonlinear wave propagation devices in ultrafg
electronics and optoelectronics (and prolod@rbc. IEEE vol. 82, pp.
1037-1059, July 1994.

D. W. van der Weide, “Delta-doped Schottky diode nonlinear transmis-
sion lines for 480-fs, 3.5-V transients&ppl. Phys. Lett.vol. 65, pp.
881-883, 1994.

——, “Planar antennas for all-electronic THz system, Opt. Soc.
Amer. B, Opt. Physvol. 11, pp. 2553-2560, 1994.

D. W. van der Weide and F. Keilmann, “Coherent periodically pulsel
radiation spectrometer,” U.S. Patent 5748 309, May 5, 1998.
B. I. Greene, J. F. Federici, D. R. Dykaar, R. R. Jones, and P. §
Bucksbaum, “Interferometric characterization of 160 fs far-infrare
light pulses,”Appl. Phys. Lett.vol. 59, pp. 893-895, 1991.
S. E. Ralph and D. Grischkowsky, “THz spectroscopy and source ch
acterization by optoelectronic interferometmyppl. Phys. Letfvol. 60,
pp. 1070-1072, 1992.

C. Karadi, S. Jauhar, L. P. Kouwenhoven, K. Wald, J. Orenstein, a
P. L. McEuen, “Dynamic response of a quantum point contactOpt.
Soc. Amer. B, Opt. Physiol. 11, pp. 2566-2571, 1994.

(5]

(6]

(71

(8]

[9]
(10]

(11]

(12]

(13]

[14]

743

Y. Konishi, M. Kamegawa, M. Case, R. Yu, M. J. W. Rodwell, and R. A.
York, “Picosecond electrical spectroscopy using monolithic GaAs cir-
cuits,” Appl. Phys. Lett.vol. 61, pp. 2829-2831, 1992.

D. W. van der Weide, J. S. Bostak, B. A. Auld, and D. M. Bloom, “All-
electronic generation of 880 fs, 3.5 V shockwaves and their application
to a 3 THz free-space signal generation systeppl. Phys. Lett.vol.

62, pp. 22-24, 1993.

Y. Konishi, M. Kamegawa, M. Case, R. Yu, S. T. Allen, and M. J. W.
Rodwell, “A broad-band free-space millimeter-wave vector transmis-
sion measurement systemiZEE Trans. Microwave Theory Te¢hol.

42, pp. 1131-1139, July 1994.

Daniel W. van der Weide (S'86-M'86) was born in
Brookings, SD, in 1963. He received the B.S.E.E. de-
gree from the University of lowa, lowa City, in 1987,
and the M.S. and Ph.D. degrees in electrical engi-
neering from Stanford University, Stanford, CA, in
1989 and 1993, respectively.

He has held summer positions with Lawrence-Liv-
ermore National Laboratory and the Hewlett-Packard
Company, and full-time positions with Motorola
as an Engineer and Watkins-Johnson Company
as a Member of the Technical Staff. From 1993

Jo 1995, he was a Post-Doctoral Researcher with the Solid-State Research

' Department, Max-Planck-Institut fir Festkdrperforschung, Stuttgart, Germany,
after which he joined the University of Delaware, Newark. He is currently an

Associate Professor in the Department of Electrical and Computer Engineering,
piversity of Wisconsin-Madison.

' Dr. van der Weide received the National Science Foundation CAREER and

PECASE Awards in 1997 and the Office of Naval Research Young Investigator

P. Akkaraekthalin, S. Kee, and D. W. van der Weide, “Distributed broa{frogram Award in 1998.

Janusz Murakowski received the M.S. degree in
physics from the A. Mickiewicz University, Poznan,
Poland, and Imperial College, London, U.K. in 1990
and 1991 respectively, and the Ph.D. in physics from
University of Delaware, Newark, in 1998.

He is currently a Research Assistant Professor in
the Department of Electrical and Computer Engi-
neering, University of Delaware, which he joined
1998 as a Post-Doctoral Fellow. His interests include
microwave devices and methods, interferometric
microscopy, quantum information, and computation.

Fritz Keilmann was born in Murnau, Germany,
1942. He receive the Dr. rer. nat. degree from the
Technische Universitaet of Muenchen, Munich,
Germany, in 1970, for his work on infrared plasma
diagnostics.

While with the Massachusetts Institute of Tech-
nology (MIT), Cambridge, and the Max-Planck-In-
stitute fur Festkoerperforschung, Stuttgart, Germany,
he participated in developing nonlinear infrared
spectroscopy of molecular gases and solids, the
latter including phonons, free carriers, Cooper pairs,

D. W. van der Weide, J. S. Bostak, B. A. Auld, and D. M. Bloom, “All-and surface polaritons. He is currently with the Max-Planck-Institut fuer

electronic free-space pulse generation and detectibleétron. Lett, Biochemie, Martinsried, Germany, where his research interest is in near-field

vol. 27, pp. 1412-1413, 1991.

spectroscopy/microscopy of proteins.



