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Abstract 

The parasitic background signal produced by gas detectors using a Fabry-Perot 

Interferometer (FPI) as a modulator is shown to be very sensitive to the infrared band 

pass filter characteristics. This parasitic signal is generally the feature limiting the 

sensitivity of such devices. We review this problem, and provide a general approach 

to filter choice which minimises the background amplitude for this kind of detection 

system. It is shown that in general filters with very abrupt transitions from the stop to 

pass band are in fact undesirable, and fortuitously the optimum choice of filter leads 

to easily realised, low cost designs. 
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1. Introduction 

Several designs of infrared absorption based gas detector use a Fabry-Perot 

Interferometer (FPI), sometimes called a comb filter, to modulate the incident light. 

Generally, this technique is applied in the region from 2-8 µm where many gases have 

their fundamental absorption bands. Some examples of detectors using this kind of 

modulator are given in [1-4]. In these systems, the modulation is induced by matching 

the FPI’s fringes with very well defined rotational absorption lines of a target 

molecule (Fig. 1a). Well resolved absorption lines with Lorentzian line shapes are 

characteristic of most diatomic and linear molecules, i.e. CO2, CO, N2O, and some 

specific absorptions bands of symmetric top and spherical top molecules eg. NH3, 

CH4 at one atmosphere pressure. In order to obtain modulation the FPI fringes should 

be shifted along the wavenumber axis (Fig. 1b). This shift is obtained by scanning the 

FPI cavity over one free spectral range (FSR). The transmission through the system is 

given by  

 

( ) ( ) ( ) ( ) ( )∫
∞

=
0

, dvvSvFilvTdvIdI FPD ,    (1) 

 

where v  is the frequency expressed in wavenumbers (1/cm), ( )dν,I FP  describes the 

FPI fringe pattern, the filter transmission is given by ( )vFil , the transmission through 

the gas pathlength is defined by ( )vT , and the source spectral profile is defined by 

( )vS . In ( )dν,I FP  the FPI cavity length, which is scanned over a range from 0 to one 

FSR, is given by d. Thus, a transmission value ( )dID  is obtained for each value of d, 

producing a signal similar to the example shown in Figure 2. In this example the 

transmission was evaluated using the rotational absorption lines and the FPI pattern 
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shown in Figure 1, and for simplicity ( )vFil  and ( )vS  were considered to be equal to 

unity. Finally, the amplitude modulation is taken as the difference between the 

maximum and the minimum values of ( )dI D . 

 

In general, systems using a FPI modulator need an infrared band pass filter to 

isolate the molecular absorption band of interest. This filter will affect the amplitude 

modulation, especially the case of the background modulation. In this case no gas is 

present in the system, ideally no amplitude modulation should be produced, and 

( ) 1=vT . Since the rotational absorption lines are not present, the modulation is 

induced by the interaction of the FPI fringes, the source and the filter. As the 

concentration of the target gas increases the amplitude modulation is less affected by 

the filter characteristics, and is more affected by the interaction of the FPI fringes and 

the rotational absorption lines. The optimisation of the filter design is focused on 

obtaining the maximum amplitude modulation with gas present and the minimum 

background amplitude possible when it is absent. In general, the background 

optimisation task is carried out by trial and error, and does not guarantee the best 

possible result. It appears that sensitivity of background amplitude modulation to the 

filter characteristics has not previously been explored in the literature. In this work we 

present a simple analytical approach that describes the underlying reasons why for 

some filters the background amplitude is severe, and gives guidance on the choice of 

optimised filters. We show that relatively simple low cost filters are often a better 

choice than very steep sided filters in this application. 
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2. Description of the Gas detector with FPI modulator 

In these detectors, the FPI will produce a pattern of fringes which are 

symmetrical and equidistant [5]. The FPI’s transmission pattern for normal incidence, 

FPI , is given by the Airy formula [5] expressed by 

 

( ) 







−
+

=

λ2
4sin

1
41
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2

2

nd
R
R

I FP π
,      (2) 

 

where R is the mirror reflectivity, nd is optical thickness of the FPI, and λ  is the 

wavelength in the air. One other important parameter that needs to be defined here is 

the separation between the FPI’s fringes which is known as the Free Spectral Range 

(FSR), and can be expressed in term of wavenumbers as [5]: 

 

nd
FSR

2
1

= .                                                 (3) 

  

In a very simple approach, if we know the average separation between the 

rotational absorption lines of a gas in a specific range, we can match it with the FSR 

and therefore, the optical thickness (nd) of the FPI can be derived. The optimal value 

of the parameter FSR requires further analysis, since in fact the rotational line spacing 

is not exactly constant, primarily owing to changes in the molecular rotational 

constants between the ground and excited states. Therefore, as the rotational 

absorption lines are not equally spaced it is important to select the optimal nd 

parameter value to assure the maximum amplitude modulation when the FPI cavity 

length is scanned by 2λ/ . However, in this work we will not discuss this factor 
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further, but rather concentrate on the separate issue of band-pass filter choice. A 

segment of a simulated CO2 transmission spectrum and the FPI’s fringes are shown in 

Figure 1. In this figure it is possible to observe how the FPI’s fringes are shifted along 

the wavenumber axis showing the effect of scanning the cavity length from 0 to 2λ/  

[6].  

   

As the rotational lines of the molecules are not equally spaced it is necessary to 

isolate a specific part of the absorption spectrum, ideally a region where the lines 

present approximately constant separation. In addition, the filter is needed in order to 

reduce the sensitivity of the detector to absorption due to different molecules (‘cross 

sensitivity’). For example, it is undesirable that a CO detector responds to absorptions 

due to CO2 or H2O. Whilst the correlation mechanism provides significant rejection of 

response to other molecular species, the band pass filter provides additional rejection 

and prevents overload of the infrared detector by broad-band, unmodulated radiation 

carrying no information. 

 

The simplified response of the system was described in the previous section 

and represented by (1). A more complete form for the transmission response is given 

by 

 

( ) ( ) ( ) ( ) ( )∫
∞

=
0

,,,,, dvvSvFilvTdndRvIdndRI FPD ,                     (4) 

 

where d represents the length of the FPI cavity, scanned from 0 to 2λ/ . As stated 

previously the design goal is to have the maximum amplitude of ( )dndRI D ,,  possible 
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when the gas is present, ( ) 1≠vT . However, in addition, we need to minimize the 

amplitude of the background amplitude when  ( ) 1=vT . 

 

Intuitively designers tend to choose filters with steep sides and high out of 

band rejection, seeking to minimise cross sensitivity to other gases. However, 

simulation by numerical evaluation of (4) showed that such choices frequently 

produce very severe background signals in the absence of any gas. Hence it was 

necessary to find an analytical method to decide which filter characteristics will 

reduce the background amplitude. In the next section we present a mathematical 

approach that helps to select the filter that will produce the lowest background 

amplitude modulation. This approach does not affect the amplitude modulation when 

the gas concentration is increased, so that the detector sensitivity is not reduced.  

 

3. Filter selection, a general approach 

The integrated transmission of the system detector defined by equation (4), can 

be simplified for the particular case of the background modulation and rewritten as 

 

( ) ( ) ( ) ( )∫
∞

=
0

,,,,, dvvSvFildndRvIdndRI FPD ,                         (5) 

 

since the rotational absorption lines are not present, as ( ) 1=vT . Furthermore, if we 

consider fixed values of nd and R, thus equation (5) can be simplified to 

 

( ) ( ) ( ) ( )∫
∞

=
0

, dvvSvFildvIdI FPD .                                    (6) 
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As the cavity needs to be scanned to induce modulation, d  must be varied, and 

shift of the FPI’s fringes over the wavenumber axis ( v∆ ) is produced (Fig. 1). 

Therefore for each value of d we will shift the FPI fringes in v∆ , hence it is useful to 

express (6) as 

 

  ( ) ( ) ( ) ( )∫
∞

∆=∆
0

, dvvSvFilvvIvI FPD .                                     (7) 

 

Now, considering that the width of the FPI’s fringes and their symmetry do not vary 

when they are shifted over one FSR, the response of the system is optimised for a FPI 

cavity length scan of 2λ/ , and making ( ) ( ) ( )vSvFilvG = , equation (7) can be 

rewritten as 

 

( ) ( ) ( )∫
∞

−∆=∆
0

dvvGvvIvI FPD .                                        (8) 

 

The background amplitude modulation problem has been reduced to (8) which 

has the form of a simple convolution. Hence, the identification of the filter shape that 

produces the lowest background amplitude can be determined by evaluating the 

Fourier Transform (FT) of equation (8). We recall that the FT of a convolution (∗ ) is 

given by 

 

( ) ( ){ } ( ) ( ) ( )ωGωIωIvGvI FPDFP ==∗FT .                    (9) 

 

Therefore, it is expected that the background amplitude will be minimum when 

( )ωI D  tends to zero. We first consider ( )ωIFP , which represents the FT of the FPI’s 
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fringe pattern given by the Airy formula (2), whose FT will produce a series of 

equidistant spectral lines (these lines must not be confused with the gas ‘spectral 

lines’) since the Airy function can be expressed as a cosine series [7]. Hence in order 

to have ( )ωI D  near to zero, ( )ωG  should have a response approximately equal to zero 

at the frequencies where the impulses due to the FT of equation (2) occur. The FT of 

the Airy function for nd = 0.28 cm, and R = 0.45 is shown in Figure 3. It can be 

observed that the impulse due to the fundamental frequency of equation (1) is exactly 

at 2nd, which is the inverse of the FSR.  

 

4. Examples of the general filter selection approach 

In this section some simulated results of the filter selection approach are 

presented. In the first case, let us to consider a set of three ideal filters, all of them 

with the same full-width-at-half-maximum bandwidth (Fig. 4). In this example, the 

parameters of the FPI are, as before, nd = 0.28, and R = 0.45 (Fig. 1); The source is 

considered to be flat, therefore, ( ) ( )ωFilωG = . This is a good approximation for 

realistic, common thermal sources over the bandwidth of interest (note that for some 

infrared LED sources this approximation may be invalid.) The FTs of the three filters 

are shown in Figure 5a, here it is possible to observe that the sinc function FT of the 

square filter has the sidelobes with the biggest magnitude. Based on our approach, we 

expect that the filter that produces the lowest background amplitude is that with the 

lowest magnitude in the regions near to m2nd, where m=1, 2, 3….  In order to clarify 

this, a detail of the filters’ FTs around 2nd is shown in Figure 5b. From this figure we 

can determine that the filter that will produce the biggest background amplitude 

response will be the square filter (F1), because it has the biggest magnitude in the 
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region of interest. Conversely, the filter that will produce the lowest background 

amplitude will be F3.  

 

In figure 5 we see that the FTs of the filters have many sidelobes and therefore 

many points where the FT magnitude is close to zero. At first sight a method to 

minimise the background signal is to position these zeroes so as to coincide with the 

lines in the Fourier Transform of the Airy function. This will produce a very low 

background modulation for practically any filter with a bandwidth equal to an exact 

integral multiple of the FSR. The big disadvantage of doing this is that the bandwidth 

of the filter needs to be specified to an accuracy of <<FSR, which is generally 

impractical. It complicates the filter design and requires extremely precise process 

control increasing the cost. So, for simplicity, the best filter is considered to be the 

one with the lowest sidelobe magnitude in the region around (2nd). Minimisation of 

the sidelobe amplitude is a practical option, whilst precise location of the zeroes is 

not. 

 

In order to demonstrate the efficacy of the general filter approach, the 

background amplitude modulation for each of the filters was evaluated as a function 

of the optical thickness nd, by numerical integration of (4) and the simulated results 

are shown in Figure 6. ( )vT  was generated from an model including all high-order 

spectroscopic constants, hot bands and significant isotopomers, using J-dependent 

Lorenzian broadening and a temperature of 295K [8,9]. Owing to the highly 

structured form of the integrand, small frequency intervals must be used and the 

integration is time consuming. It is clear here that the system with the biggest 

background amplitude modulation is when the square filter is used. In contrast, the 
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lowest background amplitude is obtained using the filter F3. Finally, the amplitude 

modulation of the system as a function of the gas concentration (ppm) is shown in 

Figure 7, here a gas path length of 3.5 cm at one atmosphere was used. From this 

figure, we can observe that when the filter with steepest sides is used eg. F1, the 

amplitude modulation for low concentration levels (background inclusive) is severely 

affected by the filter characteristics. The second is that as the concentration increases 

the system is less sensitive to the filter characteristics. It can be seen that the 

modulation for higher gas concentrations is practically the same for all the filters, 

which means that selecting a filter which produces a low background amplitude 

modulation does not reduce the detector response when the target gas is present. So, 

we can deduce that when a filter with ‘soft’ sides is used (eg. F3), the amplitude 

modulation for low concentration levels is governed mainly by the gas concentration 

rather than by the filter characteristics. This produces a far more linear detector 

response to the gas concentration since the background amplitude can be reduced over 

an order of magnitude depending of the filter, and so the gas detector performance is 

greatly improved. For example, the amplitude modulation using F1 is quite flat from 0 

to around 60 ppm (Fig. 6), making it essentially impossible to determine the correct 

gas concentration. In contrast, the amplitude modulation is described by a straight line 

when F3 is used. In general, all these results are in very good agreement with the 

predictions given by our approach. 

 

In a second example of the general filter approach, we consider the important 

case of a CO detector. In this case, the background amplitude modulation considering 

the ideal performance of a standard commercial filter set [10] was evaluated. As in the 

first example, a flat broad band source was used, and the optical thickness was fixed 
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at nd=0.14 cm. As previously stated, the problem is to decide what filter is the best for 

the application. Using our approach, just the FT of these filters needs to be evaluated 

and checked in the region close to 2nd. The performance of the commercial filter set 

is shown in Figure 8a, and a detail of the FT of the filters in the region close to 2nd is 

presented in Figure 8b. Hence, it is possible to predict that F3 will have the worst 

background amplitude, while the other filters will have lower and similar background 

amplitudes. The computed background amplitudes for these filters are given in Table 

1, which are in good agreement with the predictions, since F3 has background 

amplitude around 15 times larger than that produced by the other filters.  

 

Table 1- Computed Background Amplitude for a CO detector. 

Filter nd R 
Background 

Amplitude 

F1 1.14x10-4 

F2 1.70x10-4 

F3 2.31x10-3 

F4 

0.14 0.5 

1.50x10-4 

 

 

Finally, a further benefit of the technique is that the effect of filter 

manufacturing tolerances is easily investigated. As steep sided filters, which have a 

more complex design and are frequently most sensitive to manufacturing errors, are 

not required, simple three or even two cavity filters [11] are a good choice for the 

application. In order to show how robust the system is to filter manufacturing error, 

let us to consider an ideal filter that transmits in the 4.3 µm region [10] where the 
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strong antisymmetric stretch, parallel absorption band of CO2 lies. The thicknesses of 

the most sensitive layers of the filter were varied intentionally to compute the 

performance of filters with simulated manufacturing errors. TFCalc software [12] was 

used to compute the most sensitive layers of the filter. In Figure 9 the performance of 

the ideal filter and of two filters with a thicknesses error in a highly sensitive layer, 

are shown. To determine if the background amplitude modulation will be seriously 

affected by errors in the filter, the FT approach is applied. Here, let us to consider the 

same optical thickness as in example one, nd=0.28. Hence, we need to consider the 

magnitude of the filters’ FT in the region around 2nd, where the fundamental 

frequency of the Airy function falls. A detail of the FT around 2nd=0.56 is presented 

in Fig 10. We see that the magnitudes of the filters’ FT are similar, thus similar 

background amplitude modulation will be obtained with the three filters. A full 

simulation of the amplitude modulation, for the three filters, as a function of the 

concentration is shown in Figure 11. It is possible to observe that for a 0 ppm CO2 

concentration, which corresponds to the background case, the system response has a 

similar value for all the filters, which is in accordance with the prediction given by 

our approach. Also, from Figure 11 it can be observed that if the filter’s transmission 

is seriously reduced by manufacturing errors in layer thicknesses, only the amplitude 

modulation response is reduced. This is reasonable since the average transmission 

through the system is reduced. Consideration of the FT of the filter bandpass shape, 

including errors, enables us to safely conclude that the only effect of the errors is that 

due to reduced transmission, and no degradation of the background signal, and hence 

minimum detectable concentration, will occur other than through reduced signal-to-

noise resulting from the reduced transmission. These results considerably relax the 
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filter design requirements for this kind of detector, and eliminate the need for time 

consuming evaluation of equation (5) for many different cases. 

 

5. Conclusions 

The effect of the filter characteristics on the background amplitude in gas 

detectors using an FPI as a modulator in a form of correlation based device has been 

analysed. This background modulation determines the minimum detector sensitivity. 

From this analysis we present a mathematical procedure to show why some filters 

produce high background amplitudes, and we present a simple approach to select the 

best filter for this type of detector. An important point derived from this work is that 

narrow band, with very steep sided, ‘square’ shaped pass-bands filters will produce 

high background modulation, because the FT of these filters has high sidelobes, whilst 

filters with more gradual transitions to the stop-band have low sidelobes.  This 

reduces the cost of the system, because in general filters with ‘soft sides’ are the best 

choice for the application and these filters are relatively cheap and easy to fabricate. 

The method also provides a quick and easy way to evaluate the effect of 

manufacturing tolerances on the IR filters, by observing their effect on the Fourier 

Transform of the bandpass function, without extensive full scale simulations. 
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Figure Captions 

Figure 1- FPI’s fringes and rotational lines due to CO2. a) Absorption lines are 

matched to the FPI’s fringes. b) FPI’s fringes shifted along the wavenumber axis. 

The CO2 spectrum is shifted up 0.4 units for clarity. 

 

Figure 2- Simulated transmission through the system as a function of the cavity length 

d. 

 

Figure 3- Fourier Transform of the Airy Function. 

 

Figure 4- Simulated performance of three ideal filters. 

 

Figure 5- Fourier Transforms of both the ideal filters and the Airy Function. a) 

Positive frequencies of all the spectra; b) detail of the filter spectrum in the region 

of the fundamental frequency of the Airy Function. 

 

Figure 6- Background Amplitude Modulation as a function of nd.  

 

Figure 7- Amplitude Modulation as a function of the gas concentration. 

 

Figure 8- Performance of realistic filters and the FT, to be used in a CO detector. a) 

Realistic filter performance due to Hawkins 2003; b) FT spectra of the filters in 

the region of 2nd = 0.28.  
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Figure 9- Simulated performance of an ideal filter and two filters with manufacturing 

errors. 

 

Figure 10- Detail of the Fourier Transform magnitude of the ideal filter and the others 

with layers thicknesses errors, at the region of the fundamental Airy function 

(2nd=0.56 cm). 

 

Figure 11- Average Amplitude Modulation as function of the CO2 concentration 

considering the ideal filter and the others with manufacturing errors.  
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Figure 1- FPI’s fringes and rotational lines due to CO2. a) Absorption lines are 

matched to the FPI’s fringes. b) FPI’s fringes shifted along the wavenumber axis. The 

CO2 spectrum is shifted up 0.4 units for clarity.
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Figure 2- Simulated transmission through the system as a function of the cavity length 

d. 
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Figure 3- Fourier Transform of the Airy Function. 
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Figure 4- Simulated performance of three ideal filters. 
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Figure 5- Fourier Transforms of both the ideal filters and the Airy Function. a) 

Positive frequencies of all the spectra; b) detail of the filter spectrum in the region of 

the fundamental frequency of the Airy Function.
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Figure 6- Background Amplitude Modulation as a function of nd.  
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Figure 7- Amplitude Modulation as a function of the gas concentration. 
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Figure 8- Performance of realistic filters and the FT, to be used in a CO detector. a) 

Realistic filter performance due to Hawkins 2003; b) FT spectra of the filters in the 

region of 2nd = 0.28. 
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Figure 9- Simulated performance of an ideal filter and two others filters with 

manufacturing errors. 
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Figure 10- Detail of the Fourier Transform magnitude of the ideal filter and the others 

with layers thicknesses errors, at the region of the fundamental Airy function 

(2nd=0.56 cm). 
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Figure 11- Average Amplitude Modulation as function of the CO2 concentration 

considering the ideal filter and the others with manufacturing errors.  

 


