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Abstract

This article discusses compact radio-acoustic-sounding systems (RASSs) for industrial applications.
The electromagnetic-acoustic interaction enables to measure temperatures of gases without contact
and spatially resolved. For this purpose, the speed of a modulated sound pulse, travelling through the
gas with a velocity proportional to the temperature, is determined with a Doppler radar. The optimum
sound pulse’s in terms of its frequency is discussed. The so called Bragg condition is essential to ob-
tain sufficient receive power. The two most important conditions for an optimal Bragg reflection are the
tuning of the wavelengths and an optimal collocation of the sources. These conditions are calculated
numerically and verified with real-world measurement data. One purpose of this paper is to summarize
physical effects that are key elements to the function of the RASS.
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1 Introduction

Non-contact, continuous measurement meth-
ods for determining the temperature of gases
are used to automate industrial processes.
There are many requirements for an universal-
ly applicable temperature measurement sys-
tem. For example, the functional guarantee in
a dusty, smoky, and aggressive industrial air,
accuracy, safety and last but not least a cost-
effective realization. The idea of the radio-
acoustic-sounding system (RASS), which is
known from the meteorology [1], is to measure
the speed of sound by Doppler radar. The
measurement method is based on the effect
that an acoustic wave modulates the density of
the air. When an electromagnetic wave passes
through the air, in which these acoustically
induced changes in density occur, a small
fraction of the signal will be reflected at each of
the transitions. Utilizing the Bragg effect the
signal return power can be improved. There-
fore the Bragg condition must be fulfilled

Ae =2+, (1)

with 1, the radar wavelength and 1, the acous-
tic wavelength. This leads to a constructive
interference and afterwards to a measurable
signal power [2, 3].

Due to the fact that the pulsed acoustic wave
(red drawn in figure 1), which moves with re-
spect to the source and thus enables spatially
resolved measurements, represents the Bragg-
reflector, the backscattered radar signal (black
drawn in figure 1) exhibits a Doppler-shift [4, 5]
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c. describes the speed of light (2997 * 10° ?),

and f, the transmit frequency of the radar. This
Doppler-shift f; is proportional to speed of
sound ¢, and speed of wind v, in the propaga-
tion direction of the electromagnetic wave. To
determine the temperature with this system,
the relationship between speed of sound and
temperature must be known and will be dis-
cussed in Section 2.
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Figure 1: The speed of a transmitted sound pulse is composed of the speed of sound and a
wind speed and is measured by a Doppler radar. The acoustic pulse travels through the gase-
ous medium of interest. By measuring its velocity, spatial temperature measurement is possible.

In industrial applications, the reliability re-
quirements of a measuring system are very
high. It is therefore beneficial to characterizes
the limits of a system, as it has been done for
remote temperature measurement with multi-
spectral camera [6, 7, 8]. Thus it is important to
know the backscattering efficiency and this is
discussed in Section 3. Section 4 describes the
measurement setup with a level plan. Further-
more, the importance of optimal collocation is
highlighted. Measurement results of the physi-
cal effects are presented and discussed in
Section 5.

2 Speed of sound - temperature relation-
ship

The wave velocity c, is calculated with the rate
of change of the pressure according to the
density at atmospheric pressure. Feynman
describes it in the derivation of the wave equa-
tion for the sound [9]

¢t = (j—ﬁ) (3)

with the pressure P in Pa and density p in %.
The adiabatic connection between P and p is

P = const.- p¥, (4)

with the adiabatic exponent k. The derivative
from (4)to p is

dpP _ kP (5)
o p’
Combining (3) with (5) leads to
KP
C; = 7 (6)

By extension in the numerator and denomina-
tor with the volume V, the relations PV = NkT
and pV = p can be used

, KNKT

G = m - (7)
T describes the temperature in K, N the Avo-
gadro-constant (6.0221 * 1023 mol™'), k the

Boltzmann-constant (1.3806 = 10723 %) and p

. k .
the molecular mass in m—il. Further, the relation

R, = Nk can be used and leads to the known
formula for the speed of sound
,  KRyT

== (8)

Kk =1.402 and u = 0.02896% can be used for

dry air and thus there is a clear correlation
between temperature and sound velocity [1]

¢, = 20.045VT. 9)

2.1 Speed of sound of a gas mixture

In industrial applications, it is often necessary
to determine the temperature of gas mixtures.
For this purpose it is necessary to know the
speed of sound for a mixture

’ Z{W iVi)RuT
Ca_mix = ( (Zg\c/lzlzll) ’ (10)

with M components. x; describes the fraction of
the i component and y; the molecular heat
capacity [10].

3 RASS equation

3.1 Fluctuation of the refractive index

To be able to calculate the received power, it
must be known how much the electromagnetic
waves are scattered by the artificial radar tar-
get generated by the modulated acoustic
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pulse. Therefore the fluctuation of the refrac-
tive index is investigated [11].
Balsley and Gage [12] describes in their work a
term for the refractive index n

n= 1+7.76*10‘7%+
(1)

e
f_zy
for microwave frequencies in the troposphere.
pa describes the atmospheric pressure in Pa, T
the temperature in K, e the partial pressure of
water vapor in Pa, N, the density of the free
electrons in m~3and f the radar frequency in
Hz. The second term on the right side de-
scribes the dipole moments due to the polari-
zation field of neutral molecules. The last two
terms on the right side contribute only margin-
ally to the refractive index and can be neglect-
ed in further calculations. Thus (11) simplifies
to

L €
+3.73 %10 35—40.3

n= 1+7.76*10-7% (12)

and the relative change of the electromagnetic
refractive index can be calculated using

An Ap  pa
— =7 “7(— = Z=2AT). 13
—=7.76x10 (T TZAT) (13)
Combining the adiabatic temperature gradient
i—:=:—p with the hydrostatic equation Ap =
p

—pglAz, leads to AT =pATp [13]. Inserting this
p

result into (13) and using p = 1.013 * 105 Pa,

- =12k = g
T =273K, p=12—% and ¢, = 1005 e the

expression for refractive index simplifies to
An
— ™2 10~°Ap. (14)

The amplitude of the sound pressure variation
for an isotropic radiator at a distance r is given

by [14]
pc,P.
Ap = /W (15)

where P, is acoustic transmitted power in W.
Finally, (15) can be used in (14) and leads to
A e 16+1078 @ (16)
The change in the refractive index is thus in-
verse proportional to the distance r and pro-

portional to the square root of the acoustic
transmission power P,.
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3.2 Receive power

Marshall [15] and Clifford [16] describe in their
work an expression for the receive power P. of
radar waves scattered at sound waves

r

(An)2 412 P.GG, (Ar)2
— (=) -
n Azr 2 (17)

Ar
sinc? [(Zke —kg) T]

P, describes the transmitted radar power in W,

G, and G, the gain of the transmitting respec-

tively receiving antenna in dBi, k. =i—” and

e

2 .
ky = T” the radar and acoustic wave number
a

respectively and r the range of the target in m.
So r describes the current distance of the
sound wave to the measurement system. If the
radar is monostatic, then G, = G.. Ar =
Ngracge * 1a represents the length of the acous-
tic packet and can be calculated with the num-
ber of the acoustic cycles Ngrage and the
acoustic wavelength 1,. Combining the relative
change in refractive index (16) with (17) leads
to the RASS equation

P (ﬁ)z PiG¢ P Nirace .
" e r2

(18)
sinc? [(Zke —k,) g]

The RASS equation shows that the receive
power will be proportional to r~2 instead of the
traditional r=* for the classical radar equation
[17]. The r~2 dependence is due to the spheri-
cally divergent acoustic wave. This is a great
benefit of the focused geometry [2].

3.3 Bragg condition

As already mentioned, the optimal Bragg con-
dition is only valid if the radar wavelength is
twice as large as the acoustic wavelength see
(1). Substituting the Bragg condition into the
RASS equation (18) maximizes the sinc func-
tion. This means that the backscattered elec-
tromagnetic power will be maximized. Due to
the small change in the refractive index, or the
low backscatter of the electromagnetic power
on an acoustic wavefront, it is endeavored to
hit the Bragg condition as well as possible.
This leads to a constructive interference of the
scattered electromagnetic power at the acous-
tic wavefronts in the propagation direction. In
addition, the received power can be improved
by increasing Npragg- The received power is
proportional to NZgacg- Thus, doubling the
Bragg cycles results in an increase in received
power by 6 dB. Therefore, a compromise must
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be found between the spatial resolution and
sufficient signal-noise ratio. The importance of
an optimal Bragg condition is shown with real-
world measurement results in Section 5.

4 Realization, measurement setup

There are several possible RASS configura-
tions. The Radar can be monostatic or bistatic.
In addition, the radar and the acoustic sources
can be either continuous wave (CW) or pulsed
[4]. In this work a monostatic CW radar with
pulsed sound is presented. This configuration
has the advantage that all previously emitted
sound pulses have sufficient time to die away
and thus there are no significant reflections in
enclosed environments.

4.1 Level plan

The RASS system is designed to measure
indoor room temperatures. For this purpose, a
10 GHz synthesizer with 10 dBm output power
was chosen for the radar system.

Fig. 2 shows a block diagram of the setup of
the RASS. To get the highest possible output
power, the 1 dB compression point of the 23 dB
amplifier in front of the circulator was ap-
proached. The total loss in the transmit path is
~ 8 dB, which includes the insertion losses,
splitter loss, attenuator and cable loss. The
antenna has a gain of 20dBi with a —3dB
beam width of 14 °. Thus, the equivalent iso-
tropically radiated power (EIRP) is 43 dBm.

For 100 acoustic cycles (Ngrace = 100) the
radar cross section (RCS) is —60dBm?. A
description as well as the calculation of the
RCS is discussed by the authors in [18]. With
the RASS equation (18) the path loss can be
calculated. For this radar setup and a distance
of 5m, the path loss is approximately —90 dB.
Thus, the receive power is —87 dBm. After the
mixer, the low-frequency Doppler signal is
again amplified by 20 dB with a programmable
gain amplifier (50 Q output). A power of
—75 dBm is digitalized at the analog-to-digital
converter (ADC) with 1V reference voltage.
With 16 bit ADC resolution, the signal can be
detected.

Due to the Bragg condition and 10 GHz radar
frequency, wavelengths of 1,=15mm
Ae = 30 mm result at room temperatures.

The right path of the block diagram shows an
ultrasonic loudspeaker connected to an audio
amplifier. The bandwidth of the tweeter is
4 — 25 kHz.
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Figure 2: Level plan of the monostatic radar
setup. -75dBm input power at the ADC can be
detected with a resolution of 16 bit and 1V
reference voltage.

4.2 Collocation

Another important prerequisite for RASS func-
tionality is collocation. This means, that the
phase center of the radar horn and the loud-
speaker should be identical. As proposed by
Weiss [4, 5], a fine metal grid can be used to
enable this. Figure 3 shows the set-up of the
measurement head.

metal grid tweeter

radar antenna

Figure 3: To get the highest possible reflectivity
of the radar waves, the phase center of the
radar horn and the loudspeaker should be
identical, i.e. collocated. Utilizing a metal grid
as proposed in [4] enables this.

The metal grid redirects the radar waves by
90° and the sound waves travels straight
through the grid. Thaller [19] shows in his
work, that the grid has only a little influence of
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the sound propagation and can be neglected.
If the phase centers are not virtually the same,
then there is no optimum overlapping of the
wavefronts and thus a lower receive power.
Influence of a horizontal wind on the receive
power was theoretically studied by Peters et al.
[20], Karyukin [21] and Kon [22]. A horizontal
wind causes a virtual displacement of the
sound source. The decrease of the receive
power can be calculated by

2
- (19)
where p, is the virtual horizontal displacement
of the sound source and D is the e~ diameter
of the radar antenna. Equation (19) is verified
with real world measurement data in the next
section.

5 Measurement results

As already mentioned, an optimal Bragg condi-
tion is essential to obtain sufficient receive
power. The measurements were performed in
a closed laboratory room. The room tempera-
ture was 25.8°C and was measured with a
PT100 thermocouple type K. For different
sound frequencies, which can be calculated by
evaluation of

Ry kT
M
Aa

temperatures between 12°C and 38°C were
chosen. Figure 4 shows the levels of electro-
magnetic backscattered power at different
transmitted sound frequencies (temperatures).
If the Bragg condition is matched exactly, max-
imum power will be backscattered. This is the
case when the temperature of the transmitted
frequency coincides with the actual tempera-
ture. For the measurement a sound packet
length Ar of 1.5 m was chosen. With a thresh-
old of —6 dB a temperature range of =~ 20 —
32°C can be meaningful covered under these
conditions. This corresponds to +6°C of the
temperature to be measured. The longer the
sound packet length (more Bragg cycles
Ngracc), the smaller the temperature range
that can be covered. This is discussed in detail
in [1] and [18]. With this setup and settings, a
signal-to-noise ratio (SNR) of 17 dB is possible
with an optimal Bragg condition.

(20)

fo= =1336.33 T,
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Figure 4: Comparison between the simulation

and measurement result of the Bragg condi-

tion. Parameter: Ngpagg = 66, e = 30 mm, hum-

ber of averaged measurements = 200

To verify the collocation (Section 4.2), the
speaker was moved in 5 mm steps. Figure 5
shows the measurement results compared to
the simulation (19). If the collocation is not
maintained exactly, there is an exponential
loss in the received power. The measurement
result shows a good agreement with the simu-
lation.
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Figure 5: Horizontal displacement of the
speaker in 5 mm steps. If the collocation is not
maintained exactly, there is an exponential
loss in the received power (19). Parameter:
NBRAGG = 66, /13 = 15 mm, le = 30 mm, number of
averaged measurements = 200

6 Conclusion and future work

This article describes a radio-acoustic-
sounding system, which can be used in indus-
trial applications. The two most important con-
ditions for an optimal Bragg reflection were
shown and verified with real world measure-
ment data.

It is important to characterize the limits of a
system and the results presented in this paper
are important steps for a successful and relia-
ble assertion regarding the quality of a RASS
measurement.
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For industrial applications, it is important to
know the measurement uncertainty of a
measuring system. The Cramer-Rao lower
bound [23, 24] can be used to calculate the
lower bound of the temperature variance.
These accuracy limits, achievable resolution
and methods of signal processing will be
discussed in a future work.
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