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ABSTRACT

Surface acoustic wave (SAW) is one of the most promising technology in the field of gas sensing at low
concentrations. Field deployable portable SAW detectors are, however, prone to noise, there by limiting the detection at
low concentrations. To meet the current requirements of gas detection at low concentrations, the readout methodology
needs to be based on minimal hardware and better noise management. In this paper we describe a readout scheme for
portable SAW gas detectors incorporating a field programmable gate array (FPGA). The developed readout system
includes a modified reciprocal frequency counter for differential SAW sensor, median noise filtering and moving
averages smoothing for noise management, peak detection and interfacing with external display, all implemented
in FPGA. The developed readout was tested against VOCs using a lab developed vapour generator and the results
have been presented in the paper. The readout system is compact, low power consuming and expandable through
software thus ideal for portable handheld applications..
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1. INTRODUCTION

Surface acoustic wave (SAW) vapour sensors are well
recognised for their high sensitivity, reversibility, quick
response, reliability and low cost!*. Extensive work has been
done in the past to realise SAW based systems for detection of
volatile organic compounds (VOCs)**, humidity’, wine®, NO,’,
chemical warfare agents'’, hydrogen", SO,, NH,, H,S", odour"
and air quality'. All these applications justify a sustained
demand for development of SAW based portable detector
systems. One reason for the detectors being bulky in size is
the complexity of the readout and control electronic circuits'.
The approaches commonly used are either lab instrument
based or discrete electronic component based. The former
approach uses large sized equipment like spectrum or network
analysers while the later approach comprises of multiple discreet
components like counters, digital logic ICs, multiplexers and
microcontrollers!®!8.

This paper presents FPGA based SAW sensor readout.
A high resolution reciprocal frequency counter, impulse noise
removal, smoothing, peak detection, display interface and PC
interface have been implemented in FPGA.

2. SAW VAPOUR DETECTOR

SAW vapour detector essentially consists of an air
sampler, gas flow controllers, SAW sensor and electronic
readout and control. For gas sensing application SAW delay
line, resonator, filter or dispersive delay line can be used'. For
this work a commercial one port 433.92 MHz SAW resonator
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(RFM RO3101, TO39 package) has been used. As it is known
that adsorption of mass (from gas/vapor molecules) results in
change in SAW parameters like phase and attenuation. The
variation SAW parameters can be measured as frequency
change by connecting SAW device in the feedback path of
the RF amplifier thus forming an oscillator®®. For this work
the device is configured as a Colpitt oscillator due to its better
SNR?'. The schematic diagram of SAW Colpitt oscillator used
is shown in Fig. 1. SAW is also sensitive to changes in physical
variables like temperature, vibrations, stress and hence, to
minimize the effect of such fluctuations, dual device sensing
mode is employed***. The differential frequency Af = f — f,
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Figure 1. SAW colpitt oscillator circuit.
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/. and f are the absolute frequencies of sensing SAW device
and reference device respectively. The differential mode also
makes the readout easier by bring down output frequency
from MHz to KHz range. The package of the sensing device is
opened from the top to expose the device while the reference
is kept closed. The output from both oscillators is mixed in a
mixer IC (BGA 2022). A differential output signal of around
hundred KHz is obtained from the mixer which serves as a
baseline. The block diagram and complete circuit board having
both oscillators and mixer is shown in Fig. 2.
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Figure 2. Block diagram and sensor circuit board.

3. FPGA READOUT AND PROCESSING

Field programmable gate array (FPGAs) devices are
reconfigurable platforms for building digital hardware.
They integrate the advantages of parallelism in hardware
and programmability through software. FPGAs consist of
predesigned elementary units and programmable interconnects
enabling the end user to design specific digital hardware?.
Thus, these provide excellent low-cost and high performance
resource for design exploration and even in final prototyping?.
FPGAs also enable us lateron convert the design into
ASIC (application specific IC)?’. Low power consumption,
reconfigurable (flexible) logic, large number of 1/Os, on-
chip PLLs & ADC (in some cases) and short development
cycle make FPGAs highly suitable for portable/handheld
applications. Being a single IC, FPGA also offers advantages
compared to multiple IC based circuits which are plagued by
noise due to interference through interconnecting paths, stray
capacitances and feedback through air?.

For this work, Microsemi Fusion FPGA AFS600PQ208
was used. It is a mixed signal FPGA with inbuilt ADC,
RAM and Flash memory. Microsemi FPGAs are flash based
with low power consumption®. The readout is powered by a
3.7 v Li-Ion battery drawing less than 100 mA.

For detection of chemical vapours, the differential
frequency signal from sensor circuitry is to be acquired,
processed, analysed and outcome communicated in terms of
audio/visual alarm. This part of the circuitry was implemented
in FPGA. This includes frequency counter, impulse noise
filter, data smoothing, peak detection, OLED interfacing and
PC interfacing. The software design, synthesis and simulation,
place-and-route, timing and power analysis, debugging and
programming was done using Microsemi Libero Integrated
Development Environment.

3.1 Frequency Counter

Frequency counting is the first step in SAW readout.
For sensing application, a fast counting method with decent
resolution is required. Among the established frequency
counting techniques, reciprocal counting is best suited for SAW
application due to following two reasons. One, it is fast and
has better resolution compared to direct counting technique.
Secondly, compared to the techniques based on regression and
extrapolation, the reciprocal frequency count is an averaged
value of input frequency and hence absorbs the distributed
noise due to oscillator fluctuations.

Reciprocal frequency counter measures time period of a
signal over an integral number of input cycles and frequency
is then computed by the division of number of cycles by time
interval providing very high resolution?*°. Time period (¢)
of signal is, therefore, determined using time period (7) of a
reference signal??. The time period (and hence the frequency)
thus obtained is the average value of (n) input cycles with an
accuracy of £7 (if synchronised at the start). The frequency is
calculated as a reciprocal of time period Eqn. (1).

r= N+l ()

n

It is important to understand here that the accuracy
of measurement is dependent on the stability and accuracy
of reference clock. For the present work a 100 MHz crystal
oscillator with £25 ppm stability over a wide temperature
range was used as reference.

The reciprocal frequency counter was implemented in
FPGA by using two counters for counting number of input
counts (n) and reference counts (N). The number of bits of
counters has direct bearing on the speed and resolution of
measurement. Higher resolution with increased bits comes at
a cost of speed of measurement. For a varying input frequency
(from differential oscillator), number of counter bits vary and
hence an automatic range selector (coordinator) has been
implemented to cater to it as shown in block diagram Fig. 3.
The coordinator monitors the number » of input counter and
based on this adjusts the gate time. In order to achieve uniform
resolution and speed, 7 is less for smaller frequencies and high
for higher frequencies. The auto ranging reciprocal frequency
counter implemented has been patented vide Patent design no.
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Figure 3. Block diagram of frequency counter.

252073. The frequency values are stored in a dual port RAM
built inside the FPGA.

3.2 Impulse Noise Removal using Median Filtering

The frequency values obtained were found to contain
occasional sharp and sudden jumps usually termed as impulse
or spike noise. This single point noise was observed at
random locations and with random frequency of occurrence.
The presence of spike noise is attributed to extraneous noise
generated by vibration, noise from sampling pump and dc-dc
power supply switching noise. The detection and removal of
these points is critical as they can be mistaken as genuine peaks
and can result in false positive alarms.

Median filtering has been implemented for removal of
Impulse noise. It is considered good for removal of impulse
noise®!. In this method, the noise value is replaced by the
median of appropriate window??. The first step is to identify
the impulse noise value and then obtain the median and finally
replace the value. For single point impulse noise, a minimum 3
point window is required for median filtering. If data contains
double (2 consecutive) impulse points then 5 point window
is required. Since our data contains only single point impulse
noise thus only 3 point window has been implemented. The
identification of impulse point is done by calculating density
D value and comparing with a threshold. Three data points are
fetched from RAM and extend of middle point from first and
third point form the density. Let f{z -1), f{t,) and f{z +1) be the
three consecutive frequency values. The density D is calculated
by Eqn. (2) as below.

D={f@)~-ft-Di+{f ()~ f(+D}

=2*f() =1/ =D+ [ +1)]

D values above threshold are taken as impulse noise
and f(¢) is replaced by the median of f{#-1), f{¢) and f(¢+1).
The three data values are arranged using bubble sorting with
middle point being the median.

2

3.3 Smoothing

In addition to impulse noise the sensor data also has
distributed noise. The average variation in sensor data was
found to be around 50 Hz. To make the data smooth and
arrest small frequency excursions moving averages method
has been implemented. Moving averages is an effective way
of smoothing random data fluctuations®**. Each data point
fz,) is replaced by average of m data points as calculated
by Eqn. (3).
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The averaging was performed for m = 8, 16, 32 and 64
points. As averaging is increased, data becomes smoother but
the peak values also decrease. Thus m = 16 was taken as an

optimised value.

3.4 Peak Detection

Detecting peaks is one of the major steps in the detection
analysis®. In the absence of target vapour, a baseline frequency
output is produced. However, when the sensor is exposed to
target vapour, peaks are produced in the signal. The presence
of signal peaks above the noise base is an indication of sensor
detection. Thus peak detection is very critical. The algorithm
for peak detection has been developed using threshold method.
When the signal increases beyond a positive threshold and again
when it falls below a negative threshold, a peak is registered.
The developed algorithm is easily extendable to window-
threshold technique for future use of gas chromatography for
time separated simultaneous detection of multiple vapours.

3.5 Display and PC Interfacing

Organic light emitting diode (OLED) display has been
interfaced with FPGA for real time plot of sensor data. This will
enable a handheld detection system. 128x64 yellow Densitron
OLED has been used. The system can also be interfaced with
PC through serial port. 14 bit data along with time information
is send through UART port at 19200 baud rate. A software for
display and storage of data on PC has been written in VB.net.

4. VAPOUR GENERATOR AND EXPERIMENTAL

SETUP

A vapour generation and delivery system as shown in
Fig. 4 was developed to test and verify the readout. It consists
of three flow controllers (F1, F2 and F3), three solenoid valves
(V1, V2 and V3) and a corrugated glass tube. The corrugated
glass tube with controlled heating arrangement is filled with
a small quantity of target agent (in liquid form) for precise
concentration generation. A carrier gas is continuously passed
through its head space and is split into three paths, controlled
by individual flow controllers, the first one carries the target
gas (F1), the second one carries the carrier (F2) and the
third is the dilution line (F3). Nitrogen gas (N,) was used
as the carrier and was supplied from a Nitrogen generator.

To vemt
Silicone
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Figure 4. Schematic of vapour generator and vapour generator
system.
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A fixed value flow rate (100 ml/min) was maintained at the
output. There are two paths to the SAW sensor — carrier and
carrier with target vapours. In order to open either of the two
paths, the three solenoid valves were used. While V3 is a
3-way valve, V1 and V2 are 2-way valves. To avoid excess
pressure buildup when one path is closed, the corresponding
vent valve is simultaneously opened. The switching time of
valves is in milliseconds for seamless flow of gases along
the two paths with negligible flow disturbance during the
switching of the valves. A stainless steel sensor cell was
fabricated and the sensor board containing SAW sensor is
placed within the cell as shown in Fig. 5.

5. RESULTS AND DISCUSSION

To carry out the testing, initially carrier gas is passed at
a constant flow rate (100 cc/min) to obtain a baseline. Next
the vapours of 2-chloroethyethyl sulfide (CEES), a simulant
of deadly chemical warfare agent Sulfur Mustard, were
generated and passed through the inlet tube of sensor cell.
The vapours flow over the sensor and exit the cell through
the outlet tube. As the vapours were introduced along with
carrier gas the differential frequency output from the sensor
cell began to increase and returned to base value after vapour
is stopped thus forming clear peaks as shown in Fig. 6.
The height of peak is an indication of concentration. The
data was found to be smooth and without Impulse noise.
Subsequently, concentration of CEES was varied in steps
and response studied. The results are shown in Fig. 7. The
generated concentrations were verified by GC-MS (Perkin-
Almer make). Table 1 shows the noise and peak height at
different concentrations.

Table 1. Showing sensor response and noise at various
concentrations of 2-Chloroethyl Ethyl Sulfide
(CEES).
Conc. (ppm) Noise (Hz)  Peak height (Hz)

2.0 14 3492

1.0 15 1555

0.6 12 733

0.4 11 350

0.35 13 264

0.3 12 165
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Figure 5. Sensor cell along with circuit board.
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Figure 6. Plot showing frequency versus time for CEES.
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Figure 7. Sensor response at different concentrations of CEES.
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Figure 8. (a) Sensor response for Acetone at 0.5 ppm conc, (b) Sensor response for Ethanol at 0.5 ppm conc, and (c) Sensor response

for Toluene at 0.5 ppm conc.
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The experiment was repeated for VOCs like Acetone,

Ethanol and Toluene as shown in Figs. 8(a), 8(b), and 8(c)
respectively.

6.

CONCLUSIONS
The FPGA based readout for portable SAW gas detector

presented is a complete set of hardware and software. It allows
to acquire frequency values from sensor, filter out noise from
it, analyse and communicate the outcome. The minimalist
hardware is used for readout for realizing a portable gas
detector.

The developed readout was tested against CWA simulant

CEES and VOCs and the results have been presented here.
Although the readout was tested for a single differential SAW
sensor, the same readout hardware can be used for multi-sensor
approach called e-nose.
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