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ABSTRACT

Transit-time ultrasonic gas flow meters have gained acceptance in applications for gas transfer
distribution. Advantages of this technology include: wide measuring range, relatively high accuracy, good
repeatability, negligible pressure drop, general insensitivity to liquid contaminants, insensitivity to
fluctuations of the gas composition, and low maintenance.

This application note covers the operating principals of ultrasonic gas flow measurement using the
TDC1000 integrated ultrasonic analog-front-end (AFE) device and the TDC7200 precision integrated timer
device. It covers additional external circuitry required for boosting transducer drive pulses in gas flow
meter application. The benefits of the complementary external circuits are discussed, namely driving the
transducer with more energy without the requirement for inductors, and the robust filter and gain stage.
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Basics of Operation on Ultrasonic Gas Flow Sensor

Ultrasonic Gas Flow Meter Sensor

In Figure 1 and Figure 2 below, two types of ultrasonic gas flow sensors with different geometry are
displayed. The piezoceramic transducers used in gas flow meter applications have resonance frequencies
in the range of 100 kHz to 500 kHz. This frequency range provides optimal tradeoff between accuracy and
signal attenuation factor in the gas medium. Traditional excitation pulses in the range of 12 V or higher are
used to drive the transducers, since the attenuation of ultrasonic signal (pressure pulses) through gas
medium is very large, depending on the geometry of the sensor. However, it is possible to use a lower
excitation voltage to generate ultrasonic pressure pulses with the proper mechanical design of the sensor:
transducers mounting geometry and optimal distance between the transducers. The Q factor, the ratio of
the resonance frequency over the bandwidth, also plays an important role; higher Q factor transducers
would be required.

The measurement sequence begins by transmitting and receiving acoustic pressure pulses by a pair of
piezoelectric transducers, A and B, at an angle 6 with respect to the center axis of pipe.

Transducer A Transducer B

> >

Transducer A

Transducer B

Figure 2. Ultrasonic Gas Sensor Geometry With No Reflector in the Acoustic Path
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The measurement sequence of an ultrasonic flow meter is shown in Figure 3. At zero flow, the time-of-
flight (TOF) for both directions is equal and the difference between Ty, and T,g would be zero. During flow
conditions, the travel time of the ultrasonic wave transmitted in the direction of the flow decreases due to
velocity of moving gas. Conversely, the TOF of the pulse traveling in the opposite direction of flow
increases due to the retarding effect of the flow.

Upstream

measurement sequnce measurement sequence

Downstream —‘
TRIGGER

START /_ //
7/
4
™ / /7
! /,

Qualifying ﬂ ﬂ

e threshold setting P A A ﬂ p
ey f / v V \J
\\\\\\ V v
\\\\:\A_ el MM HH
STOP T Z
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A

Figure 3. Transmit and Receive Sequence to Measure the Difference Between the TOF for Upstream and
Downstream
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1.2 Volumetric Flow Calculations
Transit times in the upstream and downstream directions may be calculated as:
L
Tae =| ===
C+V cosH
where
e C =speed of sound in the medium (about 300 m/s to 400 m/s in gas)
« V = average velocity of the medium in the pipe Q)

Given the speed of sound is constant between the up and down measurement then:

L
Tor = ——
BA (C—VCOS@J @)

Using the above relation, the speed of sound can be calculated with the following equation:

_ ;[i_ij
2c0s0\ Tyg Tga @)
-2
2\Tag Tea) 2(TagxTga ) 2\ TagxTga 4)
The relationship for calculating the volumetric flow rate is:
Q = K*V*A
where

* K = pipe calibration factor depending on the sensor
eV = average velocity though of the fluid in the pipe
* A = cross-sectional area of the meter pipe (5)

2 Gas Flow Sensor Interfacing Electronics Circuits

2.1 Ultrasonic Analog-Front-End and Precision Timer Circuits

As shown in Figure 4, the TDC1000 UAFE and the TDC7200 precision timer integrated devices are the
primary circuitry required to interface with an ultrasonic gas flow sensor. The TDC1000 provides a
programmable sensor driver and an electronic receiver for automatic sequencing of measurements. The
device uses the zero-crossing technique to accurately produce and output the START and STOP pulses
to be used by a precision timer to measure the TOF interval. The precision timer is required because in
flow measurement application, at low flow rates the difference between the upstream and downstream
TOF is extremely small, in the order of nanoseconds or hundreds of pico-seconds.
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Figure 4. Block Diagram of the Interface Circuitry for Gas Flow Applications

The signal at the receiver side must be amplified because of the large attenuation of the ultrasonic signal
amplitude traveling through the gas medium. The TDC1000 device includes a programmable integrated
gain stage with built-in programmable on-time control feature for low-power operation. In the following
section additional sensor interface circuits and external active filter circuits are described to enhance the
performance of the TDC1000 UAFE device.

N
(N

TDC1000 Receiver Signal Path
The simplified partial block diagram of the receiver path of the TDC1000 device is shown in Figure 5.

TDC1000 internal

External
LP filter 2.5 pF
TDC1000 internal TDC1000 internal
External gain setting External
30 pF i
CAP or Resistor p HP filter cap
1 Z-Cross
9 kQ
MUX Rg
RX1 J——°/°—| [ /1
X > 500 Q
LNAOUT PGAIN - Theom
3 o NS U |50 h sp A
Cc3

R3 C5
|
1
PGAOUT COMPIN
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Figure 5. Simplified Diagram of the TDC1000 Receiver Path
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The external required components are listed in Table 1.
Table 1. Description of the Enquired External Passive Components
Parameter | Description Equation Comments
R1 and R2 | LNA feedback loop 9kQ Resistive feedback mode is
gain GLNA = intended for gas applications
R1 (or R2)
C1 and C2 | LNA feedback loop Capacitive feedback mode is
gain GLNA = VOUT = sxCl (OI’ C2) x9kQ intended for water applications
Viy  1+sx30pFx9kQ
C3 High pass filter cap 1 h it 1 External cap of high pass filter
¢c=——————; phase shift  =—arctan———— i i i
27x500 OxC3 p ¢ 27x [ x500 < C3 (comblned with 500 Q internal
resistor)
R3, C4 Low pass filter 1 ] External low pass filter
c=——————; phase shift ¢ = —arctan(2nr xR3x f x C4)
2nxR3xC4

2.3

The signal from a one MHz receiver transducer in a 15 to 30 mm diameter pipe containing water is
typically in the range of 50 to 300 mV. For water applications the LNA should be used in capacitive
feedback mode with values of C1 (and C2) equal to 300 pF. The gain of the signal at the LNA would be
about 20 dB.

Unlike the water flow application, the signal in gas application from the receiver transducer is in the range
of 100 pV to 50 mV and is much smaller in amplitude than in water application. The resonant frequency of
the sensor in gas flow application is typically in the 200 kHz range. Using the LNA in capacitive mode with
values of C1 and C2 as given above would result in further attenuation of the signal. Much higher values
of C1 and C2 could be used, but as a consequence, the LNA may go unstable under certain operating
conditions. For gas applications the LNA should be operated in the resistive feedback mode. Using R1
and R2 equal to 800 Q would provide an LNA gain of approximately 20 dB. For the low pass filter using 21
nF for C3 would set the corner frequency of the high-pass filter in the receiver path to about 15.2 kHz. The
users should tune the components of the filters for best noise performance based on the resonance
frequency of the particular transducers used in the application.

Improving Sighal-To-Noise Ratio (SNR) in the Receiver

If the amplitude of the signal at the receiver side is very low (micro volt range), adding only an additional
external gain stage in the receiver signal chain might not be sufficient because extensively amplifying a
very weak signal would amplify the noise in the path at the same time, degrading the signal-to-noise
(SNR) ratio of the receiver path. Therefore, to improve the SNR, the approach should include increasing
the signal amplitude from the receiver as well as adding an additional gain circuit in the signal chain.

The signal amplitude at the receiver can be increased by applying higher energy excitation pulses to the
transmitter transducer. One approach is to boost the voltage level of the transmitter by using a DC-DC
boost converter of some type. In the next section we use a differential driver circuit instead to drive the
transducer with more energy.
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2.4 Increasing Transducer Excitation Energy by Means of Differential Drivers

In the application of residential gas flow meters, large energy-storing components used in the booster
circuits are not desirable for obvious safety reasons. The intrinsically safe standards regulate the size of
inductors and capacitors used in the gas flow meter equipment. In general, utility companies are reluctant
to adopt ultrasonic gas flow meters in which inductors are utilized.

A different approach is to drive the transducer differentially, which in effect delivers double the battery
voltage to the sensor. A differential driver circuit using OPA2357 is shown in Figure 6. In this circuit
outputs of the TDC1000 transmitter pins are connected to the transducers through a balanced non-
inverting and inverting amplifier configuration to both ends of a the transducer. In this configuration the
excitation energy delivered to the transducer during transmission of excitation pulses would be
approximately equivalent to the energy delivered to the transducer if it was excited with double the battery
voltage in single-ended connection.

Table 2 displays the signal level at the receiver transducer when placed at different distances apatrt.
Table 2. Signal Levels at the Receiver versus the Distance Between the Transducers, Audiowell

Gas Transducer, 17 TX Pulse, 212 kHz Excitation Frequency, 3.2 V VDD and 100-kQ Resistor in
Series in TX Path to the Transducer

DISTANCE BETWEEN THE SIGNAL AMPLITUDE, SINGLE ENDED SIGNAL AMPLITUDE, DIFFERENTIAL
TRANSDUCERS (CM) (mVp-p) (mVp-p)

8 7.62 12.47

10 6.03 10.43

12 4.79 8.61

16 2.84 5.67

ENB

X1
G

X2

200 Q

TDC1000

Figure 6. External Balanced Differential Transducer Driver Circuit to Increase the Excitation Energy
Delivered to a Transducer
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‘ Differential signal 6.14 V ‘

Figure 7. Output Waveform of the Differential Driver Circuit

The mismatch between the upstream and the downstream transducers greatly impacts the delta-TOF and
the drift with temperature. This offset should be calibrated to achieve the high accuracies required at very
low flow conditions. The transducer mismatch changes with the temperature, and complicates the effort of
calibrating the fluctuation of the offset error. However, it is possible to minimize the effect of the mismatch
of the transducers and their drift with temperature, if the transmit or receive signal path for upstream and
downstream operation is very symmetrical.

There are different techniques of driving a load differentially. One approach is given in Figure 8. The block
diagram includes a differential driver circuit and a switch for the external sensor interface to enable driving
the Transmitter transducer differentially, while allowing the receiver transducer in single-ended
configuration. A more symmetrical path is achievable at a more premium cost if the TDC1000 LNA is
replaced by an external LNA connected to the receiver transducer differentially. The external LNA would
also increase the power consumption as the off-the-shelf devices have higher shut-down current
consumption.

Referring to Figure 8, during the transmission, the switches are positioned to connect the transmitter path
differentially to the sensor while the receiver path is connected in single-ended configuration. As shown in
the timing diagram, the phase control pin would be asserted under software control to reverse the
configuration of the TX and RX direction. This configuration would require operation of the receiver path in
the “short-TOF mode” to avoid floating of the receiver (unknown impedance) path at the inputs of the
internal multiplexer. If the distance between the transducers in the target sensor are over 8 cm, in which
case the receiver time window is insufficient to process the signal, then the user can use a resistor to
ground (RT) with proper value to minimize the attenuation of the signal, which terminates the receiver
when the internal multiplexer is left floating during the transmission time (see the Standard TOF
measurement mode in the TDC1000 datasheet, SNAS648). An additional switch may be used to
disconnect the resistor for an appropriate period of time after the START pulse. This would require
connecting the START signal to an interrupt pin of the host microcontroller (MCU), and using the internal
timer of the MCU for timing purposes.

In this instance a simple switching scheme was implemented by using a low-power, high-speed device
from Texas instruments. However, the user can choose to implement a more elaborate set of switches to
achieve a more optimal impedance matching of the TX and RX path. Make the TX/RX path as
symmetrical as possible to maintain reciprocal operation. The test results of the circuit showed relatively
large delta-TOF offset at zero flow, with somewhat small standard deviation over a large number of
samples. The normalized graph is shown in Figure 17.
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Figure 8. Block Diagram of a Differential Transducer Driver Circuit With Sensor Interface

The values used in the test circuit:
e R8=R4=R9=R5=R2=R3=5KQ
e R1I0=R11=R1=100Q

+ R12=2000Q

*» C3=C4=C5=C6=10pF
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2.5

2.6

Power Consumption Considerations

The average current consumption of the TDC1000 for a given number of settings — number of TX,
receiver on time, number of averaging, and so forth — can be calculated using the calculator SNAC070
spread sheet. For a typical single downstream/upstream measurement the combined average power
consumption of the TDC1000 AFE and TDC7200 (precision timer) devices is approximately 3 to 5 pA.
With the additional external circuit mentioned above, power consumption will increase slightly. The
external amplifier includes a shutdown pin for power cycling to reduce the average current consumption of
the device. However, the amplifiers should to be kept in the on state during the upstream and downstream
acquisition to maintain the known impedance during this period. The power consumption of the analog
switch used in the external circuit is very low, making it a suitable choice for battery operated flow meter
applications.

Implementation of an External Active Filter and Gain Stage

Important considerations include the most appropriate location in the signal chain to place the external
gain stage and the key specifications required for the selection of the operational amplifier. A battery
operated gas flow meter using 200-kHz transducers requires an amplifier with a shutdown pin, very low
shutdown current consumption (nA range), very low offset voltage (uA range), sufficient bandwidth (over 1
MHz), a proper slew rate (10 V/us or higher), and relatively low voltage and current noise specifications.
Finding a part with all the conditions mentioned above is a limiting factor. The two Texas Instruments
devices considered in this article are the LMV881 and OPA2357 devices. The offset voltages for these
amplifiers are not in the micro amp range; therefore, AC coupling is required to avoid introduction of error
in delta-TOF due to the offset voltage of the selected operation amplifier.

Various active filtering topologies can be considered in the receiver signal path of the TDC1000 device for
gas applications. In any case, the circuit has to meet the design goal of passing gas sensor signals in the
frequency range of 100 kHz to 500 kHz and must provide enough gain to have a high-fidelity signal with
peak-to-peak amplitude of about 2 V to obtain a zero-flow TOF standard deviation of a few hundred
picoseconds.

The circuit was designed for a pair of 200-kHz Audiowell gas transducers. The Audiowell transducers
were housed in a pipe and placed 8 cm from each other. The amplitude of signal at the receiver using the
differential driver concept with twelve TX pulses of approximately 3.6 V was measured to be around 13
mV. To simplify the design, the filter stage was placed between the LNAOUT and COMPIN pins,
bypassing the PGA and the filters shown in Figure 5 altogether. The center frequency of the filter was
designed to be about 200 kHz, with 3-dB corner frequencies of about 180 kHz and 226 kHz . Potential
unwanted signals to be filtered out include 50 Hz and 60 Hz coupled from surrounding power lines,
harmonics from crosstalk, and high frequency signals in the MHz and GHz range from wireless equipment
used in the smart meters.

The Ackerberg-Mossberg filter shown in Figure 9 is utilized. For more information please see the
application note SNAA287. The benefit of this topology is that the center frequency can be increased to
the largest resonant frequency of gas sensors without experiencing unpredictable selectivity factor Q and
gain errors. A change in the center frequency does not noticeably alter the selectivity factor and gain. This
permits the designer to quickly adjust to a change in the distance between the ultrasonic gas transducers
as there is no complex math to be completed after the initial setup of the gain stage. In addition, a notch at
any frequency below the center frequency can be designed without affecting the center frequency, mid-
band gain and selectivity factor Q if required.

This topology consists of two active integrators: the inverting Miller integrator and the non-inverting
integrator with active compensation. These two integrators compensate each other by reducing the errors
in the selectivity factor Q due to the inherent frequency-dependent gain of non-ideal amplifier. The
selectivity factor Q is crucial in gas applications where a received signal at the resonant frequency of the
gas sensors is required to be amplified by at least 20 dB using the limited GBW provided by the amplifier
device. Minimum selectivity factor error requires that:

C=C,=Cand (6)
Rs=Rs~=R (7)

Where the gas sensor resonant frequency is represented by Equation 8:

1
To=3Re @)

10
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The filter is stable if the input of the Miller integrator is fed by the negative feedback loop provided by the
unity-gain inverter if:

R,= R=R,;= R=R 9)
R6
| —
| I
R5
[ 1
| |
R2 ENB
— T
c2
| S
ENB VCOM
c1
LNAOUT © I I R3
o
AM_NOTCH_OUT
VCOM  R1 )
— AM_OUT
L | VCOM -

Figure 9. The Ackerberg-Mossberg Filter

The Ackerberg-Mossberg topology in Figure 9 creates an arbitrary notch via voltage feedforward that
provides a clearer signal when either crosstalk or harmonics linger on the output signal. This notch does
not affect the poles of the transfer function and is designed by feeding a portion of the input signal into the
virtual ground node of the Miller integrator and the non-inverting integrator. It is governed by the following
equation:

C,=aC and R=R£.

Where:
a Determines the high-frequency gain and

(10)

¢ Determines the low-frequency gain.

The frequency of the transmission zero is represented by Equation 11:

fzero :fO\/g

where
e a Determines the high-frequency gain and
« ¢ Determines the low-frequency gain (12)

Resistor R_2 = QR sets the selectivity factor. The component values are summarized in Table 3.

Table 3. Summarized Component Values for the Ackerberg-Mossberg Topology

Component Value For 200kHz using FLTOUT Description

R,C m2nf_0) 795.775E-9 1/Hz Set the cut-off frequency.

C, aC 1nF Sets the high-frequency gain.

R; RC 7.68 kQ Sets the low-frequency gain.

R, QR 25 kQ Sets the selectivity factor.
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The designer can instead use the AM_OUT node instead of the AM_NOTCH_OUT node if for whatever
reason only the bandpass response is wanted. The AM_OUT output node has an almost identical
response as the AM_NOTCH_OUT node except for the presence of the notch at the chosen frequency. If
the AM_OUT node is used as the output, place resistor R_C = 1.1 kQ as shown in Figure 9.

Figure 10 shows the biasing circuitry to center the output signal at VCOM. AC coupling is used to filter the
offset voltage of the Ackerberg-Mossberg gain stage. The cut-off frequency of the low-pass biasing
circuitry (C_outl and R_outl) is 40 kHz and so a gas transducer echo is not noticeably attenuated.
R_out2 stabilizes the VCOM buffer.

Coull
| | Rou(z
AM_OUT © 1] 9 AN 0 COMP_IN

8 kQ
2.7nF

Roiun < 1.5 kQ

VCOM

Figure 10. AC Coupling of the Path From AM_OUT to COMPIN to Filter Offset Voltage of the Filter

2.7 Evaluation of the External Sensor Interface Using TDC1000-GASEVM

A TDC1000-GASEVM device was used for the initial evaluation of the external sensor interfacing and the
active filter/gain stage. The differential driver plug-in board and the amplifier boards are shown in

Figure 11. The TDC1000-GASEVM device was retrofitted by completely replacing the internal PGA and
the related external with active band pass filter/gain stage Modification of the TDC1000 receiver path to
include the external filter/gain stage between the LNAOUT and COMPIN pins of TDC1000 shown in
Figure 12.

Figure 11. Retrofitted TDC1000-GASEVM Board Used to Obtain Preliminary Data
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It is possible to include the PGA in the signal path. However, the user should not place the external gain
stage between the LNA and the PGA because the input signal range of the PGA is limited to about one
volt, above which it will distort the signal due to slewing condition.

This set up is intended to test the basic functionality of the external circuits, the TDC1000 device, and the
TDC7200 device. To obtain high accuracy results, develop a single prototype board including the
TDC1000 device, the TDC7200 device, and the external circuitry using precision passive components.
Use good layout practice to have completely symmetrical input traces between sensors and the switch.
The START and STOP traces between the two integrated circuits should also be placed symmetrically.
The sensor connector wires should be as short as possible to minimize the delta-TOF offset. For
achieving high performance, a well designed sensor with optimal distance between the transducers is
required. The transducer mounting geometry is also very important because the beam from the
transducers must be directed precisely to avoid offset error due to misalignment of the transducers.

TDC1000 internal

2.5 pF
TDC1000 internal j—i b
’ 30 pF
External LNA gain
setting resistor _| |—° Q Z-Cl
. -Cross
(resistive feedback 9kQ
mode) MUX
R1 RXlJ'_"/
| - X p LNAOUT
J X OJ LNA G 2.5 pF THcomp
—/ R2 RX2 * 5 . i
T COMPIN ]
—/ q
External gainffilter stage
R2 1 4y
— VCOM
—
R5
| | 10 nF
R3 RS I =
—{ +— c3 = e ) =
‘ PA2357
c2 S
Il L
17
ENB
ENB
Cil ENB
o} 5 R2
[OPA235 —| +
IOPA235
R4
|
—J
c2 R6
|1 |
11 7
R7

Figure 12. Modification of TDC1000 Receiver Path to Include the External Filter/Gain Stage Between
LNAOUT and COMPIN Pins of TDC1000

Figure 13 displays the signal from a pair of Audiowell gas transducers placed in a tube, facing 8 cm from
each other. The configurations of the TDC1000 and TDC7200 devices are shown in Figure 14, Figure 15,
and Figure 16.
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Figure 13. The Signal From a Pair of 200 kHz Audiowell Gas Transducers Placed at 8 cm Apart at the
COMPIN Pin of TDC1000

Figure 14. TDC1000 Setup Tab, Settings Not Shown in Red Font are the GUI Default Values
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RECROAR

‘ 1024 xTO '
Figure 15. TDC1000 Tab Configuration, Settings Not Shown in Red Font is the GUI Default Values

Figure 16. TDC7200 Tab Configuration, Settings Not Shown in Red Font is the GUI Default Values
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Figure 17. Normalized Delta-TOF at Zero Flow (Air) in Room Temperature for Over 14,000 Samples

3 Summary

In this application note the design of analog interfacing circuitry for ultrasonic gas flow transducers is
presented. The solution includes the TDC1000 and the TDC7200 integrated ultrasonic interface devices
with some additional external senor interfacing, in addition to filter and gain stages. The benefits of the
combined differential drive and the external filter and gain stage are presented. Some basic tests indicate
that the receiver signal strength is approximately doubled when the transducer excitation pulses are
applied differentially to the transmitter transducer. The plot of delta-TOF of over 140000 samples showed
relatively large fixed offset. The standard deviation of the normalized delta-TOF of over 14000 samples at
room temperature is approximately one nanosecond.

16 Analog Electronics Design to Improve Performance of Ultrasonic Gas Flow SNAA284A—-December 2015—Revised March 2016

Meter Submit Documentation Feedback
Copyright © 2015-2016, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SNAA284A

13 TEXAS
INSTRUMENTS

www.ti.com

References

4 References

1. D. Akerberg and K. Mossberg, “A Versatile Active RC Building Block with Inherent Compensation for
the Finite Bandwidth of the Amplifier,” IEEE Trans. on Circuits and Systems, vol. CAS-21, pp. 75-78,

Jan. 1974.

2. Martin, Ken and S. Sedra, Adel, “On the Stability of the Phase-Lead Integrator,” IEEE Trans. On
Circuits and Systems, vol. CAS-24, NO. 6, June 1977.

3. Soderstrand, M. A. et al, “Modern Active Filter Design”. John Wiley & Sons Inc. Dec 31. 1981.
4. Yang Bo n, Caoli, “ Electronic Circuit Design for Reciprocal Operation of Transit-time Ultrasonic Flow

Meters”

5. Per Lunde, Magne Vestrheim, Reidar Bg, Skule Smgrgrav, Atle K. Abrahamsen, “Reciprocity and Its
Utilization In Ultrasonic Flow Meters” 23rd International North Sea Flow Measurement Workshop
Tansberg, Norway, 18 - 21 October 2005

Table 4. Appendix 1: Ultrasonic Gas Flow Transducer Manufacturers

TRANSDUCER FRES
APPLICATION | MANUFACTURER PART NUMBER LINKS (KHZ)
Gas flow Audiowell AW9Y0200K02Z-01 | http://www.audiowell.com/en/default.aspx 200
International
Gas flow SECO SC125 SC125 http://www.directindustry.com/prod/seco-sensor-consult- | 200
gmbh/product-88955-903941.html
Gas flow Morgan 09204-00 http://www.morgantechnicalceramics.com/products/produ | 200
ct-groups/sensors/ultrasonic-flow-sensors
Gas flow Fuji Ceramics FUS-200A http://www.fujicera.co.jp/product/e/03/ 200
Gas flow Murata MA300D1 - 1 http://www.digikey.com/product-detail/len/MA300D1- 300
1/MA300D1-1-ND/4421020
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