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ABSTRACT  

Tunable Diode Laser Absorption Spectroscopy (TDLAS) is finding ever increasing utility for industrial process 
measurement and control. The technique’s sensitivity and selectivity benefit continuous concentration measurements of 
specific gas components in complex gas mixtures which are often laden with liquids or solid particulates. Tradeoff 
options among optical path length, absorption linestrength, linewidth, cross-interferences, and sampling methodology 
enable sensor designers to optimize detection for specific applications. Emerging applications are demanding increasing 
numbers of distributed miniaturized sensors at diminishing costs. In these applications, the TDLAS specificity is a key 
attribute, and its high sensitivity enables novel sampling package designs with short optical pathlengths. This paper 
describes a miniature hermetically-sealed backscatter TDLAS transceiver package designed for high-volume production 
at acceptable cost. Occupying a volume less than 1in3 and weighing less than 0.06 lb, the transceiver is a key component 
of TDLAS sensors intended for in-situ measurements of potentially explosive gas mixtures.  
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1. INTRODUCTION  

The optical spectroscopic technology known as Tunable Diode Laser Absorption Spectroscopy (TDLAS) is a robust 
configurable trace gas sensing technique deployed for industrial process monitoring and control, quality assurance, 
environmental sensing, plant safety, and infrastructure security.1-12   Unlike spectroscopic analyzers that probe spectral 
bands (e.g. NDIR), TDLAS capitalizes on the ~100 MHz spectral resolution of Distributed Feedback (DFB) lasers to 
probe individual spectral lines, thus limiting cross-sensitivities among vapor species in spectrally-complex mixtures. 
Utilizing sensitive detection techniques such as Wavelength Modulation Spectroscopy (WMS)13-16, industrial quality 
TDLAS sensors generally provide excellent accuracy and linearity over three orders of magnitude dynamic range for 
spectral absorbances of less than 10-3 with precision, expressed as noise-equivalent absorbance, usually better than 
10-5/Hz½, limited generally by coherent optical effects rather than electronic noise. TDLAS sensors thus offer a 
combination of sensitivity, specificity (i.e. freedom from cross-sensitivity to non-target gases), fast response, dynamic 
range, linearity, ease of operation and calibration, ruggedness, and portability not usually available in alternative sensor 
technologies.  

While TDLAS is commonly perceived as a trace gas detection technique, novel adaptations of mature TDLAS platforms 
address applications that demand continuous accurate and precise measurement of specific analytes, but not necessarily 
trace concentrations, in complex gas mixtures, often laden with liquids or solid particulates, in harsh environments. 
Examples include measuring the moisture content of natural gas within pipelines or in the airflow of heat treatment 
furnaces, and oxygen content in hydrocarbon vapors such as oil, liquid fuel, and natural gas storage tanks. Since TDLAS 
is a “non-contact” technique, wherein only the low-power laser beam needs to probe the sample, the analyte need not 
contact electrical components, making the technique suitable for use in potentially explosive hazardous area 
installations. Particularly useful is the backscatter configuration, wherein the laser beam projects from a transceiver into 
the sampling area and scatters from a non-cooperative surface within the area (Figure 1). The portion of the scattered 
light returned to the transceiver contains information from which analyte concentration is deduced. Enabled by the state-
of-the-art low-cost low-power TDLAS platforms, like that of Figure 2, handheld standoff leak detectors based on 
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backscatter TDLAS are now in use worldwide for walking surveys of natural gas transmission and distribution pipeline 
networks.17    

Emerging applications for this technology, e.g., measuring oxygen in hydrocarbon storage tanks or processing facilities, 
demand high-volume manufacturing of low-cost, compact and lightweight sensor packages. This paper describes the 
design of such a hermetically-sealed package, Estimated costs for this critical system component are less than $1000 per 
unit when produced in lots of 500, approximately a 5x reduction compared to the current state-of-the-art. 
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Figure 1. Backscatter TDLAS. 

 

Figure 2. Battery-powered TDLAS sensor in a 6” x 7” x 1.5” package, consumes < 1W for continuous operation at a 10 Hz 
data reporting rate, and provides digital interfaces.  

2. TECHNOLOGY BACKGROUND 

TDLAS sensors rely on well-known absorption spectroscopy principles and sensitive detection techniques. Smaller 
gaseous molecules absorb energy in narrow bands of wavelengths centered upon specific wavelengths in the 
electromagnetic spectrum. At wavelengths slightly different than these “absorption lines”, there is little absorption. 
Figure 3 presents, for example, the absorbance spectra for gaseous CO2 and H2O across a 1 m path at standard 
temperature and pressure, calculated using the HITRAN database. Upon transmitting the laser beam through a path 
bearing the analyte, the laser beam is partially attenuated according to the Beer-Lambert relation: 

  (1) 

where: 

 I0(ν(t)) = launched laser power of wavenumber ν (W) 

 I(ν(t)) = received laser power after propagation through the absorbing analyte (W) 

 ν(t) = laser wavenumber (reciprocal of wavelength, cm-1) in time 
 l = optical pathlength through the analyte (m) 

 α(ν,T,P) = analyte absorption coeff (atm-1m-1) 
 Pg = analyte partial pressure (atm) 
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Figure 3. Absorbance versus wavelength for 1 m paths of gaseous CO2 (300ppm) and H2O (10,000ppm). 

Figure 4 shows the basic layout and signal analysis of a TDLAS sensor. The simple layout consists of 1) a Laser 
Transmitter, bearing a DFB laser that repetitively scans its wavelength across the width of a specific target analyte gas 
absorption line by modulation of the current; 2) an optical Measurement Path; and 3) a photodetector. An optical fiber 
may conduct the laser beam from its origin at the Laser Transmitter to the Measurement Path. At the beginning of the 
Measurement Path, the laser beam launches into the gas mixture. At the opposite end the photodetector converts received 
laser power, attenuated by target gas absorption, into an electrical signal. The Signal Processor unit interprets the 
electrical signal and outputs information. WMS is the chosen signal processing technique for achieving very high 
sensitivity, or equivalently very low-noise. Modulated laser current at a frequency (fm) results in intensity modulation at 
the detector, creating a detector signal component at frequency fm, called F1. As laser current modulates, the laser 
wavelength also modulates over a specified spectral absorption line. The modulation spans a range of wavelengths, called 
the modulation depth δ, that is comparable to the analyte’s linewidth. During a single current modulation cycle, the laser 
wavelength passes through the spectral absorption feature twice, resulting in a component of the detector signal 
amplitude modulation at 2*fm, called F2. The signal processor demodulates the periodic signal to measure the RMS 
amplitudes of F1 and F2, and these components are used to calculate the analyte concentration. F1 is a measure of the 
laser power received at the detector; it is generally free of influences from other sources of optical power, such as 
sunlight, that are also sensed by the detector. F2 is proportional to the product of received laser power and path-
integrated concentration. Thus, the ratio F2/F1 provides a measurement that is directly proportional to analyte abundance 
and is independent of received laser power (see Fig. 10 below). This feature enables the sensors to correctly track 
concentrations despite changes in laser power transmitted across the optical path. Such changes can occur for example 
due to variability in reflectance of illuminated backscatter surfaces, precipitation in the optical path, or thermally-
induced movements of optical components affecting alignment. The proportionality constant that converts the measured 
F2/F1 to concentration is generally determined by calibrating the sensor with a known amount of analyte in the laser path.  
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Figure 4. (a) TDLAS analyzer components; (b) wavelength modulation spectroscopy (WMS) signal processing: Laser 
wavenumber (ν) modulates across a spectral absorption line with modulation depth (δ) creating a modulated transmitted 
signal at the detector. 

3. TDLAS EXAMPLE 

Figure 5 pictures an example modest-cost TDLAS analyzer comprising a Control Unit and Sensor Head that operate 
continuously in an industrial gas analysis process. It typifies the current state-of-the-art for industrial TDLAS units. The 
Control Unit is housed within a 3 kg, 22cm x 28cm x 8 cm box that attaches to the Sensor Head by an umbilical cable 
bearing an optical fiber and a few wires. The Sensor Head, illustrated in Fig. 6, comprises: 1) A Measurement Section 
formed from an aluminum tubular enclosure through which sample gases flow; and 2) a Transceiver Section that 
includes laser beam launch and receive optical components, a photodetector, and pre-amplifier. A sealed glass window 
mechanically separates the two sections. The launched laser beam transits the Measurement Section and impinges on a 
diffuse target at the distal end. Light scattered by the target returns to the transceiver carrying the information about 
spectral absorbance by the analyte.  

 

 

Figure 5. TDLAS analyzer assembly. 



 
 

 

 

   

Figure 6. Semi-transparent drawing of sensor head. 

Figure 7 illustrates the typical performance of this analyzer when configured to measure O2 across a 1 cm (0.01 m) 
optical path. It reports a measurement once per second. When sensing room air, it measures an average value of 2050 
ppm-m (20.5% O2 = 205,000 ppm x 0.01 m), with a standard deviation of 24.1 ppm-m over a 300 s interval. The ~1.2% 
deviation from average includes random uncorrelated variations from one measurement to the next (i.e. noise), as well as 
relatively slow variations correlated for periods of minutes or longer (i.e. drift). When the sensor is purged with N2, the 
magnitude of the noise and drift diminishes to 0.065 ppm-m. This value is the fundamental noise-equivalent detection 
limit (i.e. precision) for low-concentration measurements. It corresponds to a spectral absorbance of about 10-5

, and is 
limited by the temporal drift of coherent optical effects. 

 

Figure 7. Example TDLAS sensor data measuring O2, showing concentration-dependent noise. 

4. NOVEL MINIATURE TRANSCEIVER 

Although the Sensor Head of Figure 6 is suitable for many industrial applications, its size, weight, and cost inhibit its use 
in situations where multiple sensors would be distributed in tight spaces to measure potentially explosive gas mixtures. 
Figure 8 illustrates an example scenario wherein hermetically sealed optical transceivers attach to backscatter probes that 
sample the vapor space above liquid hydrocarbon, continuously monitoring O2 to assure a concentration below the LEL. 
Table 1 is an exemplar set of requirements listing goals for an O2 sensor system. 
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Figure 8. Distributed TDLAS sensor system for monitoring hydrocarbon vapor space. 

Table 1. Example O2 monitoring system Sensor Head requirements. 

Parameter Description 

System Configuration • Opto-electronic sensor system comprising multiple Sensor Heads with local 
electronic support, interfacing with a Centralized Electronics Unit 

• Each Sensor Head installs at a process reservoir 

Operating Measurement 

Range:  
0-40% O

2
 

Accuracy Greater of 1% O
2
 or 5% of measurement 

Precision Greater of 0.5% O
2
 or 2.5% of measurement 

Response Time  1 s 

Reliability Self-monitoring; warns of degraded signal due to optical beam blockage or 
transceiver seal failure 

Operating Temp  -40 C to 65 C 

Sensor Head A sealed transceiver section external to the reservoir, separated by a window from a 
probe section that inserts into the reservoir 

Weight  < 0.2 lb  

Transceiver 

Dimensions  
<1” diameter x 1.5” length 

Probe Length <4” from reservoir wall to probe tip 

Probe Diameter < 1” 

Power  < 2W 

Safety Intrinsically Safe; compatible with hydrocarbon vapors 

 



 
 

 

 

Figure 9 illustrates the Sensor Head concept developed to achieve these requirements while capitalizing on automated 
assembly techniques to enable high-volume production at acceptable cost.  The overall design philosophy is to minimize 
the number of critical active alignments with an optical configuration that meets the required performance while abating 
the always prevalent tight tolerances associated with optics. By carefully specifying tolerances of the individual opto-
mechanical components, the control of nominal positions and orientations are established, thereby simplifying the 
overall assembly process.  For example, the detector size and position is designed to be tolerant to the stack-up of 
potential errors in all previous material and manufacturing steps.  As a result, the number of active alignments required 
to produce the high-performance sensor is minimized.  This also has the benefit of yielding a more robust product. 

The Sensor Head of Fig. 9 miniaturizes the transceiver into a small flange-mounted unit that attaches and seals to the 
hydrocarbon storage vessel. A probe attached to the transceiver penetrates through a port into the vapor space of the 
vessel. A sealed window separating the transceiver from the probe transmits the laser light to a scattering target mounted 
at the distal end of the probe. As illustrated in Fig. 8 above, the laser source can be located close to the transceiver on an 
interface board and transported to the Sensor Head via optical fiber. The interface board also routes electrical signals to 
cables connecting with the Control Unit, which may be located several tens of meters from the Sensor Head. The laser 
beam projects from an angle-polished fiber end facet through a collimating lens aligned to direct the beam along the 
optical axis out from the transceiver through the transceiver window. The transmitted collimated beam impinges upon 
the scattering target. The transceiver mirror images the illuminated portion of the scattering target onto the detector.  
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Figure 9. Schematic illustration of Miniature sensor head. 

The dimensions of selected opto-mechanical elements combined with the selected pre-amp transimpedence assure that 
the fraction of the light scattered from the target which reaches the detector provides a signal magnitude that achieves 
WMS detection requirements. The criteria for designing TDLAS sampling instruments optimized for precision and 
accuracy has been discussed in previous work.16 Because, as discussed above, the backscatter TDLAS self-normalizes 
for changes in backscattered laser power, changes in target reflectivity that may result from liquid depositing on the 
target surface have little effect on the concentration measurement (Figure 10).  
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Figure 10. Data demonstrating accurate O2 concentration measurement using a Sensor Head and probe configuration like 
that of Fig. 9. Spraying the scattering target with liquid contaminant diminishes received laser power represented by the f1 
signal while having no effect on the concentration measurement.  

To assemble and seal the sensor head, the various optical elements are preferably installed in a Kovar housing.  
Assembly and alignment is facilitated by means of a precision machined Kovar shuttle element that slides into the 
housing and, with the aid of an alignment jig, is properly positioned prior to bonding in place in a dry-nitrogen 
environment. Critical subassemblies are fabricated and tested prior to integration to the whole assembly, e.g the fiber, 
detector, and lens subassemblies are placed passively in the housing and locked into place.  The shuttle is actively 
aligned to achieve the required centering and pointing of the transmitted beam.  The total mass of a hermetically sealed 
nitrogen-filled Kovar transceiver is approximately 30g. 

5. CONCLUSION 

The paper has described a miniature hermetically-sealed optical transceiver for Tunable Diode Laser Absorption 
Spectroscopy applications. The transceiver is intended for use in hazardous areas to monitor potentially explosive gas 
mixtures. It is designed for cost-effective high-volume production using automated manufacturing processes. Data 
acquired using initial prototypes demonstrated measurement of ambient oxygen.  
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