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Abstract: The article presents miniature detection system and its associated signal processing electronics, which can detect and 
selectively recognize vapor traces of different materials including explosives. It is based on surface-functionalized COMB capacitive 
sensors and extremely low noise analog integrated electronic circuit, hard-wired digital signal processing and additional software 
running on the PC. The instrument is sensitive and selective, consumes minimum amount of energy, is very small (few mm3) and 
cheap to produce in large quantities, and is insensitive to mechanical influences. Using electronic detection system built of low noise 
analog front-end and hard-wired digital signal processing, it is possible to detect less than 3ppt of TNT molecules in the atmosphere 
(3 TNT molecules in 1012 molecules of the air) at 25 oC in 1 Hz bandwidth using very small volume and approx. 10 mA current from 5 V 
supply voltage. The sensor is implemented in modified MEMS process and analog electronics in 0.25 um CMOS technology.
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Signalno procesiranje za integriran, visoko-
zmogljiv nizkošumni vmesnik za kemijske/
biološke senzorje 
Izvleček: Članek predstavlja miniaturni detekcijski sistem in pripadajoče integrirano elektronsko vezje, ki selektivno zaznava pare 
različnih materialov vključno s parami eksplozivov. Bazira na površinsko modificiranih COMB kapacitivnih senzorjih in nizkošumnem 
analognem integriranem vezju, skupaj z digitalnim procesorjem signalov in programsko opremo na PC računalniku. Instrument je  zelo 
občutljiv, selektiven, porabi malo električne energije za svoje delovanje, je zelo majhen (nekaj mm3),  je neobčutljiv na mehanične in 
temperaturne vplive in ga je mogoče ceneno proizvajati v velikih količinah. Z uporabo predstavljenega nizkošumnega procesiranje 
signalov je mogoče zaznati manj kot 3 TNT molekule v 1012 molekulah nosilnega plina ali v atmosferi pri 25 oC in v 1 Hz pasovne širine. 
Instrument ima majhen volumen ter porabi približno 10 mA toka pri napajanju 5 V. Senzor je izdelan v modificiranem MEMS procesu, 
analogni del elektronike pa v 0.25 um CMOS procesu.

Ključne besede: kemijski/biološki sezorski vmesniki, nizkošumno procesiranje signalov, visoko občutljivi integrirani senzorji
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1 Introduction

Detecting vapor traces of different materials including 
explosives in the atmosphere is a potentially powerful 
method to reveal the presence of different toxic materi-
als, explosives and land mines. The principle of detection 
method is based on the fact that most materials, includ-
ing explosive devices, constantly emit rather small, but 
detectable number of different molecules, constituting 
the material. Numerous detection systems on the mar-
ket are capable of detecting vapor traces of explosives 

[1]. Their common limitations are rather large size, high 
power consumption, unreliable detection with false 
alarms, insufficient sensitivity and chemical selectivity 
or hypersensitivity to mechanical influences, long time 
needed for detection and extremely high price. 

Currently, the most popular method for detection of 
vapor traces of target molecules is the chemo-mechan-
ical sensor system based on cantilever bending, caused 
by adsorption of target molecules on asymmetrically 
modified surface. Bending is measured with optical 
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or electrical detection [2]. Optical cantilever position 
measurements are difficult; the apparatus is bulky and 
sensitive to the environmental influences like tempera-
ture, vibrations, pressure etc.; the integration and min-
iaturization is not possible. In this work, we present the 
detection system that measures the change of the ca-
pacitance caused by adsorption of target molecules to 
the surface of functionalized miniature MEMS capaci-
tors with fixed COMB fingers; the environmental prob-
lems described above for the cantilever based sensors 
are completely eliminated. The adsorption of target 
molecules on functionalized surfaces of the fixed COMB 
capacitors causes the change of the dielectric constant 
of the monolayer between the plates of the capacitor. 
This extremely small change can be measured with ex-
tremely sensitive electronic measurement system de-
scribed in this article.

The paper is organized as follows. In section 2, the prin-
ciples of operation of the capacitive COMB sensor is 
shortly described to understand the requirements for 
the electronic measurement system. Section 3 deals 
with system design and modeling issues, while section 
4 presents most important circuit design steps togeth-
er with sensitivity estimates. Section 5 describes high 
level modeling and simulation results of the circuit 
which includes analog, mixed signal and digital mod-
ules.  Section 6, presents responses of the detection 
system to the TNT and RDX vapors, the detection limits 
are calculated and compared to the estimates from the 
system level simulation results. Measured results are 
compared to the state of the art detection systems. 

2 Sensor operation

The detection measurement system is composed of 
four differently functionalized differential COMB ca-
pacitive sensors (Fig. 1) connected to one channel of 
the low -noise analog electronic measurement system, 
followed by the DSP as presented on Fig. 2.

Figure 1: Comb capacitive sensor implemented in 1um 
MEMS process: (Left) COMB capacitance change due 
to adsorption of the target molecule in the air. (Right) 
SEM micrograph of a differential COMB capacitor and 
the detail of its structure.

The principle of sensor operation is presented on the 
left part of Fig. 1. Each sensor is composed of a pair of 
COMB capacitors implemented in modified MEMS tech-
nology (SEM micrograph is shown on the right side of 
Fig. 1), where the fingers are not released from the bot-
tom oxide. Both capacitors are covered with approx. 15 
nm of silicon dioxide [3]. One capacitor in each pair is 
chemically functionalized with different organosilanes 
(APS, APhS or UPS) [4] to [5], as shown symbolically on 
the left part of Fig. 1 (shaded symbol of functionalised 
capacitors). For example, Cp is modified while Cn is not. 
During operation, on average, approx. equal numbers 
of target molecules are present in the space between 
the plates of both capacitors. Other molecules are 
also present in the air around both sensors; again, the 
density of all the molecules is on average distributed 
equally between capacitors and the capacitance dif-
ference is the same. The target molecules adsorb pref-
erentially [7] to the surface of the Cp and change the 
relative dielectric constant between the plates, while 
Cn remains the same. Using differential excitation sig-
nal sV , connected to both capacitors, one can measure 
the difference of the two capacitances caused by ad-
sorbed target molecules. Each capacitor consists of 50 
fingers with length of 350um, height of 2um and the 
distance between the fingers of approximately 1.5um, 
thus forming two capacitors, each having a capacitance 
of approximately 0.4 pF with matching accuracy bet-
ter than 5%, which is reduced by automatic calibration 
procedure before every measurement. At the moment, 
each differential sensor is produced and functionalized 
individually, while the modification layer is removed 
from one half of each differential pair using laser ero-
sion procedure. In the near future, we plan to build an 
array of differently and selectively modified sensors 
on top of the ASIC chip to reduce the parasitic effects 
caused by bond-wires and parasitic capacitances and 
thus to increase the sensitivity.

3 Measurement system

Fig. 2 shows simplified block diagram of the sensor 
measurement system that includes low-noise analog 
signal processing electronics implemented in 0.25um 
CMOS process together with four differently modified 
sensors, one channel of remaining analog signal pro-
cessing electronics (AFE) and the digital signal process-
ing block (DSP) in the gray area of Fig. 2. The DSP is 
currently implemented on the FPGA but in the future 
it will be implemented on-chip. The system architec-
ture is in fact a multi-frequency lock-in amplifier where 
necessary part of the signal processing happens in the 
block of analog signal processing (AFE) and the rest us-
ing digital signal processing (DSP). The AFE consists of 
minimum amount of necessary analog electronics to 
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convert extremely weak capacitive changes to the digi-
tal stream. The AFE is programmable in many ways, so 
it can be adapted to different signal levels, frequencies, 
sensors etc. Each sensor is driven by a high frequency 
differential square-wave signal Vsi with slightly differ-
ent and adjustable frequency and amplitude. The ca-
pacitors of the first sensor are driven with differential 
square-wave signal Vs1 with frequency fs1, the capaci-
tors of the second sensor are driven with  differential 
square-wave signal Vs2 with frequency fs2  and so on. 
One channel of the analog front-end electronics (AFE) 
serves at the moment for four sensors and consists 
of: two low noise single-ended charge amplifiers, low 
noise BP filter, analog mixer, 4th order low pass filter, 
2nd order ∆Σ  modulator with one-bit internal quan-
tizer and multi-bit DACs built as analog FIR filter. The 
excitation signals are delivered to the sensors as a four 
low noise analog differential signals. The signal at the 
output of the charge amplifier, when all four sensors 
are present, is composed of four spectral components 
and their odd harmonics. The amplitude of each spec-
tral line corresponds to one sensor and is proportional 
to the difference of the corresponding differential sen-
sors capacitance and the amplitude of the correspond-
ing excitation signal (1). Different sensors are driven 
with square-waves with slightly different frequencies. 
The amplitude of each spectral component carries the 
information about the difference C∆  of each sensor. 
The starting capacitance difference of each sensor is 
adjusted to be small during automatic calibration pro-
cedure at the beginning of the measurements.  After 
adsorption of target molecules, the capacitance chang-
es so the amplitude of the main spectral component 
changes. At the moment, one measurement channel 
can process signals from four differential sensors that 
might be functionalized differently. The idea behind 
the array of the sensors is that differently modified sen-
sors show different responses to the target and other 
molecules in the air, producing a “signature” of the re-
sponses, which could improve the selectivity and sen-
sitivity of the sensor system. 

The difference in charges from each capacitive pair is 
transformed into the voltage using low noise charge 
amplifier through the use of excitation signals con-
nected to the sensors. The frequencies are selected 
well above the flicker noise corner of the charge ampli-
fier that is in the range of several 100 kHz for modern 
CMOS process [8]. Each sensor pair is driven with a dif-
ferential square wave signal Vsj, producing charge am-
plifier output signal with amplitude given in (1), where

p nC C C∆ = - , sV is the excitation voltage amplitude 
and Cf is the feedback capacitance of each amplifier. 
To remove unwanted components, the signal choV  is 
band-pass filtered, amplified and multiplied with co-
herent square-wave signal with frequency mf gener-

ated in the DSP. The spectrum after the passive mixer is 
a reach composition of sums and differences of all fun-
damental spectral components and their odd harmon-
ics. Since amplified and filtered signals at the output of 
the band-pass filter contain main spectral components 
and attenuated higher harmonics, the analog mixer 
generates the differences and sums of the main spec-
tral component frequencies and many high frequency 
spectral components.

Figure 2: Block diagram of a complete sensor measure-
ment system including 4 sensors, one measurement 
channel and corresponding DSP implemented in the 
FPGA.

The differences of the first harmonics happen at fre-
quencies: oi si mf f f= -  (i=1…4). They are amplified, 
while HF components with frequencies oi si mf f f= +  
(i=1…4) and other remains of higher harmonic signals 
mixing products are attenuated by programmable ana-
log LP filter, which also adapts the level appropriate for 
the ADC. The frequencies sif  and mf  are selected in 
such a way that they are coherent [9], the components 
after mixing have different frequencies and the high-
er order products do not fall into the base-band. The 
composed signal is quantized using second order Σ-Δ 
modulator and a 3rd order sinc decimation filter with 
down-sampling ratio of 32. To speed up the detection 
process and avoid the problems of non-coherency, it 
is extremely important that all signals used for driving, 
mixing, down-sampling and timing of further filtering 
are strictly coherent, that is, the measurement period is 
a multiple of every signal period generated in the cir-
cuit and that their ratios are prime numbers [9]. To be 
able to generate coherent signals, the decimation ra-
tio is small in the first decimation stage; the remains of 
the out-of-band signals and shaped quantization noise 
are further filtered in each channel after digital mixing 
with oif as suggested in the DSP block on the right side 
of the block diagram shown on Fig. 2. The spectrum at 
the output of the first sinc filter consists of four spectral 
components at frequencies  f01 to f04, with amplitudes 
proportional to the corresponding sensor capacitance 
difference and excitation signal amplitudes. This digital 
signal is than multiplied in four separated digital multi-
pliers, each with a digital sine-wave with frequencies f01 
to f04, translating corresponding signals to the DC. Each 
DC digital signal is than separately filtered in the DSP 
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to remove all remains of high frequency components. 
Each DC result is proportional to the difference of dif-
ferential capacitances of each sensor and the excitation 
signal amplitude. The digital signal processing at DC is 
possible without compromising the signal quality. The 
bandwidth is reduced to approx. 10Hz in correspond-
ing LP digital filter. The remains of the second mixing 
process are highly attenuated by appropriate positions 
of poles and zeroes of the digital LP filters.  The results 
of all channels are transferred to the PC where further 
filtering and decimation takes place, reducing the ef-
fective bandwidth of each channel down to 1Hz or 
even more if necessary. The results are stored for fur-
ther processing and presented on the screen of the PC.

Excitation signals transfer the information from slowly 
varying sensor capacitances, due to slow adsorption-
desorption process, to the trans-impedance charge 
amplifier at frequencies that are well above the corner 
frequency of the flicker noise. The whole measurement 
system looks like a modified lock-in amplifier [10] us-
ing double mixing architecture to sense and amplify 
the signals at high frequencies and thus to avoid 1/f 
noise and DC offset effects in analog modules. All sig-
nals are coherent and selected in such a way that the 
ratio of fdec1/foi is even integer. They are derived from 
one master clock with frequency fclk=25MHz. Possi-
ble selection of the excitation signal frequencies for 
4 sensors are: fs1=208.3kHz, fs2=183.8kHz, fs3=201.6kHz 
and fs4=189,3kHz. Multiplying signals at the output of 
the BP filter with square-wave signal with frequency 
fm=195,3kHz generates the differences and sums of the 
first harmonics and also other higher harmonics that 
are LP filtered. The main spectral components after 
mixing are at frequencies: fo1=13.02kHz, fo2=11.5kHz, 
fo3=6.3kHz and fo4=5.9kHz. This arrangement makes 
possible to use one analog channel and to avoid the 
DC offset and remaining 1/f noise effects in analog LP 
filters and the ∑-Δ modulator and makes possible to re-
duce the sampling frequency and thus reduced power 
consumption. It would also be possible to use HF chop-
ping at each component at the expense of increased 
thermal noise effects, which means worse SnR and 
worse detection sensitivity. Since the adsorption-des-
orption process is slow process (in the range of several 
s), the offset voltage and 1/f noise would compromise 
the accuracy and the stability of the results if DC excita-
tion signals would be used; the “DC” signal-processing 
happens in the DSP where no physical noise process 
can reduce the SnR of the results.

4 Circuit design

The decisive parameter regarding detection sensitiv-
ity of the measurement system is the S/N ratio at the 

charge amplifier output. Fig. 3 shows simplified model 
of the charge amplifier with most important noise con-
tributions, together with simplified model of one sen-
sor and associated parasitic capacitances. The circuit 
implementation details of the charge opamps and the 
feedback resistors Rf are not shown because of the lack 
of space. The feedback capacitance of the charge am-
plifier is Cf =1.5pF, while small signal resistance of the 
feedback resistor is very high Rf >10GΩ; the pole fre-
quency of the charge amplifier is low enough not to 
influence the behavior of the spectral components and 
the noise contributions of the Rf is small enough around 
the lowest excitation signal frequency  of 180kHz. The 
Rf is built as electronically tunable linear MOS resistor 
[11] that can be adjusted to have a very high resistance 
(bigger than 10GΩ).  Each charge amplifier use differ-
ential, folded-cascode architecture with single ended 
output reaching input referred noise density of less 
than 15nV/√Hz at 200 kHz.  Two single ended ampli-
fiers are used to be able to keep the potential of the 
sensing capacitors fixed. BP filter uses fully differential 
opamp with similar characteristics; its input signal is a 
difference of both charge amplifier signals. From this 
point on, the analog signal processing is fully differen-
tial. The most important noise contributors are: Noise 

ndopV  is the opamp noise and is multiplied with noise 
gain ( )1ndop vg fG C C≅ + ∑ , where vgC∑ is the sum 
of all capacitors connected to the virtual ground of the 
opamp and fC  is the feedback capacitor of the charge 
amplifier; Input referred noise density of the BP filter is 

ndBPV ; the noise density of the feedback resistor ndRfV
, which is attenuated by its frequency transfer function 

( )
fR sH ω ; the noise density of the excitation signal 

sources ndspV and ndsnV  are multiplied by excitation sig-
nal gain s s fG C C≅ . 

The SnR at the output of the charge amplifier can thus 
be calculated using (1) and (2).

 ( )cho s fV V C C≅ ⋅ ∆ 				    (1)

	 (2)

Equation (1) estimates the signal at the charge ampli-
fier output while (2) estimates the noise power den-
sity at the output of the charge amplifier around fre-
quency foi assuming thermal noise approximation. The 
pole frequency formed by Cf˙˙Rf must be much lower 
than the signal frequency foi to avoid attenuation and 
phase shift of the main spectral components. In ad-
dition, noise contributions of the Rf at low frequency 
are highly attenuated by the noise transfer function

( )
fR sH ω . The total noise power density at the out-

put of the charge amplifier around signal frequency foi 
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is composed of all contributions. The biggest contribu-
tion is the charge amplifier noise density Vndop multi-
plied by associated gain Gnd,op. Usually, contributions of 
all other noise sources in a low-noise measurement sys-
tem are selected in such a way that they are smaller or 
equal to the charge amplifier contribution because this 
is the most difficult and expensive to reduce. The esti-
mate of the detectable capacitance difference of one 
sensor can be calculated using (3) assuming: SnR=6dB, 
noise bandwidth is 1Hz, noise density of the opamp

( ) 15ndop oiV f nV Hz≤ , excitation signal ampli-
tude 4sV V= , 1.5fC pF= and  the sum of all ca-
pacitors connected to the virtual ground of the opamp 
is equal to 2.5vgC pF=∑ . Factor four in (3) comes 
from analogue and digital mixers (each contributes ap-
prox. 2 [12]), while another factor 2 comes from the 
peak to rms conversion (factor 2 ) and noise contri-
butions from all other sources including the excitation 
signal generators.  One can estimate minimum detect-
able capacitance change of the modified COMB capaci-
tor caused by the adsorption of target molecules us-
ing (3); it is assumed that adsorbed molecules do not 
change the dielectric constant of the modified capaci-
tor significantly.

( ) ( )4 0.06s ndop f vgC V V C C aF Hzδ  ≅ + =  ∑ 	(3)

( )( )0 0 120md d C C fmδ≅ ⋅ = 		  (4)

Equation (4) gives the minimum detectable COMB 
capacitance distance change, which is 120 fm . This 
distance change is well below the thickness of the one 
layer of adsorbed target molecules, estimated to be ap-
prox. 0.5nm for the TNT [2].

5 System level modeling

The electronic measurement system was modeled us-
ing Matlab/Simulink. The concept, sensitivity, selectivi-
ty, and functionality of the analog and digital signal pro-
cessing modules and sensors operation were checked. 
Most important non-ideal effects of the analog meas-
urement channel modules were taken into considera-
tions [14]: non-linearity, thermal noise, 1/f noise, kT/C 
noise, offset voltages, gains, gain bandwidth products, 
slew-rates, distortions, as well as a bit-true models of 
all DSP modules. The system level simulation results 
match very well to the circuit level simulation results 
and to the measurements of the real circuit.

The system level optimization and simulation is very ef-
ficient because of high level model. Fig. 4 shows simu-
lated spectrum at the output of the Σ-Δ modulator for 
2 sensors connected to the charge amplifier with ca-

pacitance difference of 1fF for the first pair and 0.1fF 
for the second pair. The detection levels from system 
simulation results are very close to the estimates given 
in (3) and to the measured results. On Fig. 4, two main 
spectral components could be observed, each of them 
corresponding to associated sensor capacitance differ-
ence. The amplitude of the main spectral component 
at 11kHz is proportional to the capacitance difference 
of 1fF with SnR1=62.7dB in 200Hz band, while the 
SnR2 is 20 dB smaller because of 10 times smaller ca-
pacitance difference. The result lead to the sensitivity 
of 0.037aF/√Hz (The noise contributions from the ex-
citation signals are not included in the model, so the 
result is approx. √2 better than predicted by (3) and cal-
culated from the measurements. High frequency com-
ponents and shaped quantization noise are attenuated 
in the following decimation filters and DSP blocks, cur-
rently implemented on the FPGA. The digital part of 
the signal processing is also modeled in Simulink using 
bit-true models, so eventual finite word-length effects 
could be clearly observed. The Simulink models of the 
DSP blocks are used to synthesize the VHDL description 
of the DSP blocks directly from the models [15], while 
the analog part of the signal processing is designed 
“manually” using the information from the Simulink 
model as a specification for the circuit design param-
eters; in this way the total design time is drastically re-
duced, while increasing the reliability of the design.

Figure 3: Noise sources of the input electronics of the 
AFE.
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6 Measurements

For laboratory measurements the PCB with System in 
Package (SiP) demonstrator was built as shown on the 
right part of Fig. 5. It is composed of the ASIC (left part 
of Fig. 5) and four differently modified differential sen-
sors. During experiments, the package is covered with 
metal cover that seals the sensors completely. The cov-
er has 2 holes; the mixtures of gases is delivered from 
the gas generator via one hole and expelled through 
another. In laboratory experiments the gas coming to 
the sensor surface is switched between dry N2 gas and 
N2 contaminated with TNT vapor molecules. At room 
temperature, the density of target molecules relative to 
the N2 molecules is in a range of Xtarg=10-9 [2] depend-
ent on the pressure, temperature etc.

Figure 4: Spectrum at the output of the analog front-
end for 2 sensors. Spectral line at 11 kHz is proportional 
to ΔC1=1fF, while spectral line at 13kHz is caused by  
ΔC2=0.1fF . Signal-to-noise ratio (SnR) is calculated for 
the main spectral line for 200Hz bandwidth, while Sen-
sitivity Sens1 is valid for 1Hz band.

Figure 5: ASIC and SiP: (left) Photomicrograph of the 
ASIC in 0.25um BCD technology, (right): PCB with SiP 
(ASIC and 2 differential sensors).

Fig. 6 shows response of one measurement channel 
to the gas switched between N2 and N2 contaminated 
with TNT (estimated number of TNT molecules in the 
mixture is 0.5.Xtarg ). From Fig. 6 it is possible to estimate 
the normalized sensitivity STNT in 1 Hz band using (5), 
where: N∆ is the difference between two readings, 

σ  is the standard deviation of each reading (result), 
BW=12Hz (after DSP filtering). 

( )
12

arg0.5 3.5 10t
TNT

TNT

X
S

HzN BW

σ −⋅ ⋅ ⋅≅ =
∆

		  (5)

The lower level of the response on the y axis of Fig. 6 is 
proportional to the difference between capacitors af-
ter the calibration, while the change due to adsorbed 
molecules is proportional to N∆ . Long measurement 
times are produced by slow gas flow and big non-
functional volume of the tubes. The sensitivity to the 
author’s knowledge is still 2 to 3 orders of magnitude 
worse than the sensitivity of a dog’s nose [3]. Currently, 
the selectivity measurements show that differently 
modified sensors provide different responses to the 
target and other molecules; this fact can be used to 
improve the selectivity. To the author’s knowledge the 
system with comparable characteristics and using only 
available commercial technologies does not exists. Re-
search papers regarding explosive vapor trace detec-

tion exists, for example [2], with comparable sensitivi-
ties but they use exotic technologies that are far away 
from possible industrialization.

Figure 6: Measured response of the N2 and N2 +TNT 
switching.

The first experimental measurements were performed 
also in the air for RDX vapors. The results are presented 
on Figure 7. Four differently modified sensors (APS, 
APHS, UPS, Reference) were exposed to the vapors of 
RDX in the air using a tube with topped RDX material. 
The tube on the left bottom picture is closed than in 
the middle it is opened, and on the right it is closed 
again. The sensors measurement system shows the 
screen of the PC with different responses of differently 
modified sensors as a function of time. We can see that 
differently modified sensors show different results and 
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no response is observed on reference sensor that is not 
modified at all.

 

7 Conclusions

Detecting vapor traces of different materials in the at-
mosphere is a potentially powerful method to reveal 
the presence of those materials. In this article, a minia-
ture sensor detection system has been presented that 
is capable to detect vapors of different explosives.  It 
is sensitive, selective, consumes a minimum amount of 
energy (10mA at 5 V), is very small and cheap to pro-
duce in large quantities and it is insensitive to mechani-
cal influences. In laboratory environment, the response 
to TNT and RDX vapors has been measured. The detec-
tion levels for TNT of 3ppt and for RDX of 0.3ppthas 
been achieved. In the future, we plan to use large in-
tegrated array of differently modified sensors with im-
proved individual sensitivities. This could lead to min-
iature, cheap and very selective detection system that 
could be massively deployed for detection of different 
hazardous molecules in the air. Measurement results 
in real environment are presented for RDX vapors. We 
have tested the sensitivity of the APS modified sensor 
to vapor traces of RDX with even better sensitivity than 
for TNT. Future work will be directed towards improving 
the sensitivity and the selectivity: changing the sensor 
geometry, reducing the analog channel noise and the 
parasitic capacitances of the ASIC and the sensors, in-
creasing the number of differently modified sensors in 
the array and applying signature analysis algorithms to 
the results. We could come closer to dog’s nose sensi-
tivity and selectivity by one to two orders of magnitude 
using suggested modified MEMS COMB sensors and 
standard modern CMOS technology.
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