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Abstract—This paper addresses the measurement of
incident pressure in air blast experiment using wireless
pressure sensors. The analysis of the proposed wireless
system is presented and measurement results obtained
during an air blast event are reported. The proposed
approach offers a very attractive solution in terms of cost,
size and power consumption for transmitting and
analyzing sensor data in harsh environment.

Keywords—uwireless sensors, pressure measurement,
air blast experiment.

. INTRODUCTION

Defense and civil applications have a real need for high
bandwidth sensors for pressure measurements.
Especially during an explosion, a rapid amount of
energy is released and generates a pressure wave with
decreasing amplitudes versus distance. The shockwave
moves supersonically with discontinuities in pressure,
density, particle velocity and temperature across the
wave-front. The Figure 1 shows the fireball (red circle)
and the shock wave (blue circle) during an air blast
experiment. When the shock wave is incident the
pressure rises on a 100 nanoseconds range to the so-
called peak static overpressure. Then it decays back to
the ambient pressure within a 500 microseconds range.
Moreover extreme conditions are involved during the
measurement. Temperature range is over 1000 degrees
Celsius with intense light, reflected shock wave,
vibrations, ionized gazes which may impact the
measurement  setup  functionality. Structure
vulnerability and high explosive developments need
accurate experimental data to compare the peak static
overpressure, the maximum positive impulse, the time
arrival and the duration of the positive phase of the
blast wave with advanced models and hydrocode
numerical simulations [1].

Recently many efforts have been devoted for recording
the very fast transient pressure occurring during an air
blast experiment [2]. Usually pressure sensors
networks use several long cables to connect pressure
sensors to the acquisition unit. We propose here an
alternative approach which consists of using wireless
sensors instead of wired sensors to measure the
incident pressure in such harsh environment in terms
of temperature, pressure and mechanical vibrations.

Fig. 1. Fireball during the air blast at time (a) t=0.5ms; (b)
t=0.9ms; (c) t=2.6ms and (d) t=5ms after the explosion (t=0).

Il. WIRELESS SENSORS SOLUTION

A. Wireless system overview

The wireless setup proposed here is composed of
transmitter and receiver units operating at 6 GHz with
100 MHz bandwidth (see Figure 2). During the
experiment, the transmitter unit converts the output
voltage of the piezoelectric sensor (based on a PVDF
film) with a sensitivity S, = 120 mV /bar into a
frequency shift by using a Voltage Controlled
Oscillator (VCO). The resulting frequency modulated
(FM) signal is wirelessly transmitted to the receiver
unit through the fireball. The received FM signal is
then filtered and amplified by the receiver unit. The
Intermediate Frequency (IF) is obtained from the
mixing of the received modulated signal with the stable
sinusoidal signal generated by the 6 GHz Local
Oscillator (LO).

The frequency demodulation process applied to the IF
signal is finally performed numerically by using the
Short-Time Fourier Transform (STFT). The Figure 3
shows the developed receiver unit based on
commercial off-the-shelf components.
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Fig. 2. Block diagram of the wireless sensor system: (a)
transmitter unit and (b) receiver unit
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Fig. 3. Developed (a) receiver unit and (b) transmitter unit.

B. System bandwith performance

The VCO is the key component of the transmitter unit.
With only one component, the transmitter allows
converting the variation AV, of the sensor output
voltage V;,, in a frequency shift Af = K, AV, , where
K, is called the sensitivity coefficient of the VCO. In
the receiver unit, the FM demodulator converts this
frequency shift into a voltage variation AV given by
AV = KpAf, where K}, is called the sensitivity of the
demodulator. In our case KyK;, = 1 and we have AV =
AV,,. Consequently, the measurement of AV at the
output of the demodulator allows the direct acquisition
of the voltage variation AV, at the sensor output. In
order to measure without distortion the sensor voltage
;,, from the receiver voltage V, the VCO component
must have an input bandwidth larger than the sensor
bandwidth. The equivalent electrical circuit of the
VCO is given in the Figure 4. The 3dB-bandwidth of
the chosen VCO is 137 MHz which is large enough in
our application. The bandwidth of the overall
transmitter unit will be mainly limited by the dynamic
response of the sensor transduction.
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Fig. 4. The VCO electrical model with L1=7.5nH, R1=1502,
C1=2.4pF and Cj=3.6pF (Ro = 50Q).

C. Measurement uncertainty

This section reports the evaluation of the measurement
uncertainty of the voltage measured at the output of the
FM demodulator V(t). The block diagram of the
wireless system is shown in Figure 5.
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Fig. 5. Block diagram of the RF system used for wirelessly
transmitting the sensor output voltage V;, to the receiver unit

In Figure 5, Gpop, denotes the propagation loss (the
effect of the reflection on the ground is taken into
account). In our experiment, the distance between the
Tx- and Rx-antennas is 22 meters. The gains of these
antennas are Grx and Ggx respectively, and the
received power Pgre is given by Pgp =
PryGrxGryxGpropa, Where Prx denotes the transmitted
power. Let the harmonic voltage V,,(t) be applied at
the VCO input, that is 1},,(t) = C cos (21 f;,t), where
C and f;, denote respectively the amplitude and the
frequency of V},,(t). The signal-to-noise ratio SNRyyr
at the output of the demodulator is then given by [3]:
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where SNR,y denotes the signal-to-noise ratio at the

demodulator input, m, the FM modulation rate and B

the bandwidth of the modulated RF signal. The relative

measurement uncertainty AV /V on the voltage at the
demodulator output is then given by:
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where F and N, denote respectively the noise factor of
the receiver unit and the noise spectral density. From
the parameters of our system (see Table 1), we
obtained AV /V = 2.5%. However, the thermal noise
of the electronic devices is not the unique source of
noise (or uncertainty) generated in our system. A
biased value AK, on the VCO sensitivity coefficient K,
causes a systematic bias error AV, on the demodulator
output voltage V given as follows:

AVO AKO
- == 3
v T K (3)

where AK,/K, characterizes the uncertainty on the
value of VCO sensitivity coefficient. If this uncertainty



is not considered in the system design, the condition
KoK, = 1 (see Section 11.B) may be not valid and
consequently, the voltage V at the output of the FM
demodulator may not be accurately released from the
voltage V,, at the sensor output.

Table 1: Wireless System key parameters

Symbol Value
VCO sensitivity coeff. Ko 200 MHz/V
VCO second-order )
coeff K, 25 MHz/V
Modulation rate mg 15
Modulation frequency fm 10 MHz
RF power at the VCO Pry 10 dBm
output
Modulated RF signal
bandwith B 500 MHz
Noise spectral density Ny -170 dBm/Hz
Povv_er gain of_ the Go 45 dB
receiver amplifier
Noise fgctor of the F 6dB
receiver unit
Propagation loss Gpropa -75dB
Tx-antenna gain Grx 25dB
Rx-antenna gain Grx 15dB

The value of the VCO sensitivity coefficient K, is
given in the datasheet of this component. The
temperature of the VCO and the values of the
impedances connected at its input and output ports may
affect the nominal value of K,. Moreover, the second-
order approximation for the frequency at the VCO
output requires to consider the VCO sensitivity
coefficient K, =df/dV,, and the second-order
coefficient K, = d2f/aV,,*. The coefficient K, allows
taking into account the non-linear tuning sensitivity of
the VCO and it introduces a systematic error AV; on
the demodulator output voltage given as follows:

AV _ Ky .
V —_ ZKO max ( )
where 1], is the maximal VCO input voltage. Here
Vinax = 280mV and consequently the voltage
uncertainty derived from Eq.(4) is found to be 0.5%.
Due to the low voltage magnitude of the VCO input
signal, this bias is small. The total relative
measurement uncertainty AV /V on the voltage at the
demodulator output and for a temperature
compensated sensor is 3% with a coverage factor k =
1. In order to reduce this uncertainty, the biasing
sources of the VCO component should be
compensated through a calibration process. As a

consequence, the measurement uncertainty would
mainly originate in the thermal noise of the system
electronic devices (AV/V = 2.5% with k = 1). We
will show in the next section that the proposed system,
as it stands, allows wirelessly measuring the peak static
overpressure reached in a rise time of few
microseconds (transient phase) during an air blast
experiment.

I1l. MEASUREMENT RESULTS AND DISCUSSION

The wireless air blast experiment is illustrated in the
Figure 6(a). The transmitter unit (including the
piezoelectric sensor) is placed inside the fireball during
the blast event for sensing the pressure signal variation
very close to the explosive. The sensing device is
located at 1.6 meter of the 1 kg TNT high explosive
sphere. The transmitter unit was not calibrated
(KoKp # 1) during this experiment in order to observe
the impact of various biasing sources on the
measurement accuracy. Both the wireless link and a
classical wired link are used between the transmitter
and receiver units to simultaneously read the pressure
variations measured by the sensor. These two links
allow comparing the measurement results obtained
from the traditional wired system (reference signal)
and ones provided by the proposed wireless solution.
The receiver unit is located at 22 meters of the
explosive in front of a bunker to offer protection during
the explosion and blast event. An ultra-fast camera is
also installed to capture the fireball expansion. The
figure 6(b) shows the sensor installed on the
instrumentation mast. During the measurement
process, the internal temperature of the sensor is found
to be lower than the highest admissible temperature of
the transmitter, verified by acoustic-electric
computations inside the gauge. The pressure signal is
transmitted in real time when the shock wave reaches
the pressure sensing device. The spectrogram of the IF
signal derived numerically from the use of a Short-
Time Fourier Transform (STFT) is shown in the Figure
7(a). The demodulation process consists of finding the
set of maxima in this spectrogram. In Figure 7(b), the
resulting signal is compared to the signal obtained
from the wired link. The difference between these two
signals does not exceed 0.300 bar. During the transient
phase the wireless measured of the peak static
overpressure is 2.300 + 0.035 bar (with k£ = 1) with a
rise time around 1 ps. This uncertainty is deducted
from section Il analysis. The measured positive phase
duration is 100 ps. A discrepancy on the impulse has
been observed with the reference quartz sensor due to
the applied conditioner with a too high low pass
frequency.
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Fig. 6. (a) Overview of the air blast experimental setup [path
(2): wired link; path (2): wireless link] and (b) zoom at the
sensor location {(1) the probe with the PVDF pressure

sensor, (2) the sensor support, (3) the Tx-antenna (half-
wavelength dipole)}
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Fig. 7.(a) Short-Time Fourier Transform of the IF signal; (b)
voltage at the output of the demodulator using the proposed

wireless system (red curve) and voltage obtained from the
traditional wired link using RG58 coaxial cable (blue curve).

IV. CONCLUSION

A complete FM-based wireless system solution for air
blast pressure measurement is proposed and
experimentally validated in this paper. The air blast
experiment has demonstrated the system robustness for
a wireless sensor placed inside the fireball generated
by an explosion. The proposed wireless transmission

could be an interesting alternative to wired
transmission techniques for air blast measurement and
the architecture of the developed system is fully
appropriate for sensors network purposes

Future works are focusing on the development of a
complete and integrated sensors network optimized for
air blast environment and on the compensation of the
impact of the temperature on the VCO sensitivity.
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