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A differential carbon monoxide (CO) concentration sensing device using a self-fabricated spherical mirror (e.g. 

light-collector) and a multi-pass gas-chamber is presented in this paper. Single-source dual-channel detection method 

is adopted to suppress the interferences from light source, optical path and environmental changes. Detection principle 

of the device is described, and both the optical part and the electrical part are developed. Experiments are carried out to 

evaluate the sensing performance on CO concentration. The results indicate that at 1.013×105 Pa and 298 K, the limit 

of detection (LoD) is about 11.5 mg/m3 with an absorption length of 40 cm. As the gas concentration gets larger than 

115 mg/m3 (1.013×105 Pa, 298 K), the relative detection error falls into the range of −1.7%—+1.9%. Based on 12 h 

long-term measurement on the 115 mg/m3 and 1 150 mg/m3 CO samples, the maximum detection errors are about 

0.9% and 5.5%, respectively. Due to the low cost and competitive characteristics, the proposed device shows potential 

applications in CO detection in the circumstances of coal-mine production and environmental protection.  
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Monitoring toxic and flammable gases, such as methane 

(CH4), carbon monoxide (CO), sulfur dioxide (SO2), 

shows wide applications in the fields of environmental 

protection, industrial processing control, medical diag-

nosis, and chemical analysis[1-5]. Infrared CO sensing 

device[6-11] has the advantages of wide measuring range, 

fast response, high sensitivity, and good selectivity. 

Therefore, infrared absorption spectroscopy becomes the 

most popular detection technique. The existing infrared 

sensing techniques can be classified into three types, 

namely, photoacoustic spectroscopy (PAS)[6], wavelength 

modulation spectroscopy (WMS) or tunable diode laser 

absorption spectroscopy (TDLAS)[7-10], and direct ab-

sorption spectroscopy (DAS)[11]. PAS-based detection 

system has high sensitivity, but it is not suitable for 

in-situ detection[6]. Although TDLAS-based system has 

good detection performance, the diode lasers require 

cryogenic cooling and generally should be operated in a 

multi-mode manner[10]. Besides, because of expensive 

infrared lasers and complicated optical gas-cell structure, 

it is difficult to put this kind of sensing devices into wide 

application. Therefore, the laser-based gas detection sys-

tems are undesirable especially in the cases which only 

require portable, simple, and low-cost sensing device. 

Consequently, a compromise selection between cost and 

performance is considered in this paper. Based on DSA 

technique, we present a differential mid-infrared CO 

detection system using a low-cost wideband mid- infrared 

light source and a dual-channel pyroelectric detector with 

the detection channel at 4.643 µm and the reference 

channel at 3.947 µm.  

The structure of our CO detection device is shown in 

Fig.1. A field programmable gate array (FPGA) proces-

sor is used as the primary control and processing com-

ponent. A spherical mirror is used as absorption pool as 

well as light-collector. A wide-band mid-infrared light 

source (IR55) and a dual-channel mid-infrared detector 

equipped with two optical filters are located at the upper 

side and lower side, respectively. The 4 Hz square-wave 

modulation signal with a constant current at ON-state is 

supplied to the infrared light source. There are two 

channels during detection, namely, the detection channel 

and the reference channel. For the detection channel, the 

light reaching the 4.643 µm filter will be absorbed by CO 

molecule and a detection signal will be generated. For the 

reference channel, the light reaching the 3.947 µm filter 
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will not be absorbed by CO molecule and a reference 

signal will be generated. These two electric signals are 

both processed by pre-amplifier (PA), band-pass filter 

(BPF), differential amplifier (DA), lock-in amplifier, 

sampling/holding (S/H), and finally converted to digital 

signals by the 16-bit analog-to-digital converter (ADC). 

The infrared light source IR55 is a wideband infrared 

source. The source is fabricated with micro-  electrome-

chanical system (MEMS) technology, which has the ad-

vantages of wide spectral range, fast response, high 

modulation depth, high efficiency, low power consump-

tion, and long life. Owning to the slow response of the 

pyroelectric detector, we choose 4 Hz as its modulation 

frequency. The used detector is a PerkinElmer's dual-  

channel pyroelectric detector, whose specific detectivity 

(D*) is 3.5×108 cm·Hz1/2/W. Pyroelectric detector is made 

based on the principle of pyroelectricity, which is the 

ability of certain materials to generate a temporary 

voltage when they are heated or cooled. The change in 

temperature modifies the positions of the atoms slightly 

within the crystal structure, and thus changes the 

polarization of the material. This polarization change 

generates a voltage across the crystal. 
 

 

Fig.1 Schematic diagram of the mid-infrared CO de-

tection device 

 

Define the divergence angle of the light source as θ. 

For the spherical mirror, define its radius as R, height as 

H, and thickness as D, as marked in Fig.2(b). The 

light-collection efficiency (defined as η) is obtained by 
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Using Eq.(1), the curves of η versus the parameters of 

the spherical reflector are plotted in Fig.2(a). In order to 

get a high light collection efficiency and a doubled ab-

sorption length, the parameter values of the aluminized 

spherical reflector are taken as R=200 mm, D=20 mm, 

and H=125 mm. The photograph of the aluminized 

spherical reflector is shown in Fig.2(b).  

 

 

(a) 

 
(b) 

Fig.2 (a) Curves of the light-collection efficiency η 

versus the thickness of the mirror D; (b) The photo-

graph of the aluminized spherical reflector mirror 

 

  When the light source is not modulated (namely, the 

light source is set as OFF state), the output signals from 

the detector are exactly the system noises, and they 

mainly contain 50 Hz noise and white noise. Their levels 

will influence the detection sensitivity of CO concentra-

tion. When the light source is modulated, the two analog 

signals output from the dual-channel detector are both 

processed by PA and BPF. In this case, the measured 

spectra of them are shown in Fig.3. It can be found that 

at 4 Hz frequency, the 10 dB bandwidth is less than 1 Hz, 

which suggests high signal-to-noise ratio (SNR) of the 

system. 

 

 
(a) Detection channel 
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    (b) Reference channel 

Fig.3 With the infrared source at modulation state, the 

measured spectra of the two output signals from (a) 

detection channel and (b) reference channel 

 

During experiment, we put our developed device into 

the plastic box. The gas sample is prepared in the box, 

and the gas can diffuse into the gas-cell through its side 

shutters. The concentrations of the prepared standard CO 

samples within the concentration range of 0—1 380 

mg/m3 (1.013×105 Pa, 298 K, similar as below) are 

measured using the developed sensing device. The ex-

perimental results of the relation between δU(λ1,λ2,l)/ 

U(λ2,l) and C (mg/m3) are shown in Fig.4. The exponen-

tial function of the fitting curve is obtained as 

  ( ) ( )
1 2 2
, , / ,U l U lδ λ λ λ =  

  0.017 13 exp( 0.002 7 ) 0.113 95C− × − × + .       (2) 

The limit of detection (LoD) is the minimum increase 

of the concentration from 0 mg/m3 that can produce a 

variation in the denoised peak-to-peak voltage-ratio 

clearly recognized by the ADC. Then proper amount of 

pure CO is repeatedly injected into the container until the 

measured differential-ratio is steadily higher than the 

ratio at 0 mg/m3. Then the total volume of the injected 

CO is the LoD. From the inset in Fig.4, the measured 

differential-ratio is not obviously different from the ratio 

at 0 mg/m3 until the gas concentration gets larger than 

11.5 mg/m3. So we can determine that the LoD of the 

system is about 11.5 mg/m3.  

To measure the detection accuracy, 18 standard gas 

samples are prepared. Let the gas pass through the 

gas-cell, and their concentrations are determined by the 

measured ratio of δU(λ1,λ2,l)/U(λ2,l). The relative errors 

of all gas samples are calculated, and the results are 

shown in Fig.5(b). When the CO concentration is as low 

as 11.5 mg/m3, the error reaches the maximum value up 

to +6.5%. As the concentration gets larger than 

115 mg/m3, the error falls into the range of −1.7%— 

+1.9%. From this point of view, the developed device 

reveals acceptable performance. 

Because of noises and interferences introduced in the 

differential-ratio signal, the detection stability may be 

affected. For the two prepared gas samples with the con-

centrations of 115 mg/m3 and 1 150 mg/m3, 12 h detec-

tion is carried out, and the results are averaged per half 

an hour. For the 115 mg/m3 gas sample, the measured 

concentration range is 114.8—116.0 mg/m3, indicating 

an absolute error less than 0.9%, as shown in Fig.6(a). 

For the 1 150 mg/m3 gas sample, the measured concen-

tration range is 1 145.4—1 213.3 mg/m3, indicating an 

absolute error less than 5.5%, as shown in Fig.6(b). The 

errors obtained from the stability curve also coincide 

with those shown in Fig.5.  

 

 

Fig.4 Experimental data and fitting curve of the 

measured differential-ratio δU(λ1,λ2,l)/U(λ2,l) versus 

the CO concentration C 

 

 
      (a) 

 
      (b) 

Fig.5 By using the developed sensing device, (a) the 

measured concentration and (b) the relative error on 

the standard gas samples whose concentration range 

is 0—1 380 mg/m
3
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(a) 

 
(b) 

Fig.6 The long-term measurement results of the con-

centration and the differential-ratio on the two CO 

samples with the concentrations of (a) 115 mg/m
3
 and 

(b) 1 150 mg/m
3
 

 

As exhibited in Tab.1, the performance of our portable 

device is compared with those of other reported CO de-

tection devices or sensors[12,13]. Though the absorption 

length in Ref.[12] reaches 256 cm, the measured limit of 

detection (LoD) is only 7.475 mg/m3. This is because the 

absorption line strength at 2.3 μm is two orders of mag-

nitude lower than that at 4.6 μm. In Ref.[13], a quantum 

cascaded laser (QCL) at 4.6 μm is adopted, which can 

utilize the strongest absorption of CO molecule. So with 

an absorption length of 100 cm, the LoD is as low as 

 

Tab.1 Comparison of the performance between this 

device and other reported CO detection devices 

Scheme 

Source/ 

Wavelength 

(µm) 

Absorption 

length 

(cm) 

LoD 

(mg/m3) 

Measurement 

temperature 

(ºC) 

Cost

Ref.[12] Near-IR DFBL/2.3 256 7.475 900 High

Ref.[13] Mid-IR QCL/4.62 100 0.035 25 High

This 

paper 
Incandescence/4.66 40 11.5 25 Low

0.035 mg/m3. With an absorption length of only 40 cm, 

the LoD of the proposed device is at the same level with 

that in Ref.[12]. Furthermore, the used incandescence 

light source is extremely cheap compared with the laser 

sources in Refs.[12] and [13]. 

In summary, a differential mid-infrared CO concentra-

tion detection device is experimentally demonstrated by 

employing a spherical-mirror-based multi-pass chamber 

to suppress the interferences resulting from the light 

source, the optical path and the environmental changes. 

The detection principle is described, and key modules 

including the optical part and the electrical part are de-

signed and fabricated. Experiments are carried out to 

evaluate the detection performance. At 1.013×105 Pa and 

298 K, the LoD is about 11.5 mg/m3, and the relative 

detection error falls into the range of −1.7%—+1.9% as 

the concentration gets larger than 115 mg/m3. Based on 

12 h long-term measurement on the 115 mg/m3 and 

1 150 mg/m3 CO samples, the maximum detection errors 

are about 0.9% and 5.5%, respectively. The proposed 

device shows potential applications in CO detection in 

coal-mine production and environmental protection. 
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