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Abstract: Preamplifier circuit noise is of great importance in quartz enhanced photoacoustic
spectroscopy (QEPAS) system. In this paper, several noise sources are evaluated and discussed in
detail. Based on the noise characteristics, the corresponding noise reduction method is proposed. In
addition, a frequency locked technique is introduced to further optimize the QEPAS system noise and
improve signal, which achieves a better performance than the conventional frequency scan method.
As a result, the signal-to-noise ratio (SNR) could be increased 14 times by utilizing frequency locked
technique and numerical averaging technique in the QEPAS system for water vapor detection.
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1. Introduction The frequency of high frequency modulation signal

is half of the resonance frequency of quartz tuning

The quartz enhanced photoacoustic spectroscopy
(QEPAS) technique is presented as a common
method to detect gas concentration such as CO, NO,,
N,O, SO,, and CH, in the last dozen years. It has
many advantages compared with other conventional
gas detection technologies such as small size, low
cost, strong anti-interference, and high sensitivity.
So there is an increasing research boom in QEPAS
gas sensing field, in which the second harmonic
method is the main detection means. A superposition
of low frequency scanning ramp and high frequency
modulation signal is usually used to drive the laser.
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fork (QTF). The modulated optical signal produces
gas vibration which contains second harmonic signal
by infrared spectrum absorption. Then second
harmonic acoustical signal is transformed into
current signal by QTF. As a result, the current signal
generated by the QTF is converted to a voltage
A lock-in
amplifier is used to extract the second harmonic

signal by the preamplifier circuit.

waveform [1-5]. The preamplifier circuit is an
important section of QEPAS system because it
directly determines the quality of signal [6]. Usually,
the more complex the circuit is, the more noise will
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be added. However, few people have deeply
researched it.

In this paper, operational amplifier (OPA)
CA3140E (Intersil, USA) is utilized as an example
of the
preamplifier circuit noise and measure the noise

to conduct a comprehensive analysis

contribution of the various parts of the circuit. Based
on the analysis, series of corresponding noise
reduction methods are proposed to optimize the
preamplifier circuit.

A frequency locked method based on the
wavelength modulation technology and signal
detection theory is also presented. Different from
low frequency sawtooth signal that scans over
absorption peak as shown in Fig. 1(a), the central
frequency of laser is locked at the absorption
peak 1368.597 nm in our QEPAS system as
shown in Fig. 1(b). Therefore, noise can be
reduced by compressing the filter bandwidth of the
lock-in amplifier. And by means of numerical
averaging technology, noise will be further reduced.
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Fig. 1 Laser driving voltage and the corresponding second

harmonic signal: (a) frequency scan method and (b) frequency
locked method.

o
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Experimental results show that the signal-to-noise
ratio (SNR) increases no less than 14 times of the
frequency scan method on condition that the
real-time constraint is satisfied.

2. Theory analysis

2.1 Noise analysis of preamplifier circuit

In this section, how to utilize the noise model to
calculate the total output noise will be discussed. In
Fig.2(a), the input noise includes OPA voltage noise
V,, OPA current noise [, resistance noise V),
produced by R;, and V3 produced by R. The noise
model in Fig.2(a) can be converted to Fig.2(b).

Ry 7
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R, V,
v —
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R 7 V3
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AC R B
T +
= Veg

(b
Fig. 2 Noise model: (a) inverting amplifying circuit and
(b) equivalent circuit.

As long as the input reference noises are
provided, the output noise voltage could be
calculated through the noise gain (NG). The NG

equation is easily obtained:

NG R 1 1
z (1)

1
The output voltage generated by JV, can be
directly obtained:

v,

2_output

R,
=V, NG =V, | —L+1|. )

1

The input voltage noise generated by / is

Vi=I-R, 3)



Qinduan ZHANG et al.: SNR Improvement of QEPAS System by Preamplifier Circuit Optimization and Frequency 129

Locked Technique
o BB
where K = —.
" R+R,

The output voltage generated by / can be got by
V, supu =V, -Noise_gain=1-R, 4)
At last we calculate the thermal noise of the
resistors R, and R, The resistor noise mainly
includes three parts: Johnson noise, contact noise,
and shot noise. In general, the metal film resistor
noise can be approximately expressed in Johnson

noise as

Vch =V +V, = 4kTReq -Af 5)
Boltzmann

where k& is the constant, 7T 1is

thermodynamic temperature, and Af is the
bandwidth.
R, (R +R))
Reqioutput = I/Req : NG = \/4kT#Af (6)
1

For the preamplifier circuit, R, is far more larger
than Ry,

R,
I/Rc _ output z_f 4kBTAf . (7)
q \/E v
So the total equal output noise is the addition of

VZﬁoutput, Vlfoutputa and Veq;output [7]

_ 2 2 2
I/eqioulpul - \/V270ulpul +V + VR _output - (8)

1_output eq

2.2 QTF resonant theory

The equivalent circuit of QTF can be shown in
Fig. 3. The equivalent impedance of the QTF R
represents the loss of mechanical vibration, the
equivalent inductance of the QTF L represents
vibration quality, the equivalent capacitance of the
QTF C represents the mechanical elastic, and Cop
represents the
capacitance caused by the surface metal wire of the
QTF [8, 9]. It is usually considered that resonant
current of QTF reaches a maximum at series
resonant frequency wo, therefore according to the
solution of second-order RCL series resonant circuit,

stray capacitance and parasitic

the time constant can be expressed as: o =—R/2L.

The energy accumulation time ¢ (the resonant
energy is 0.707 times of the maximum resonant
energy) can be shown as (9):

11
LA c,

Fig. 3 Equivalent circuit of QTF.
eat — e—l . (9)
According to the equation of the time constant a

and (9), the energy accumulation time ¢ can be
shown as follows:

2L
t=—. 10
R (10)
Besides, the quality factor Q can be shown as
follows:
p_a,L
=—=—"1—) 11
Q R R (1)

The energy accumulation time ¢ can be solved by

Q and f; based on (10) and (11)

_9

e (12)
where f,=w,/2x.

Most often, Q is about 8000 in the atmosphere
pressure [10, 11]. According to (12), the energy
accumulation time ¢ is about 0.077s. This is only a
value on condition that resonant energy is attached
to 0.707 times of the maximum resonant energy. By
inference, the conservative energy accumulation
time would be several hundreds of milliseconds.

Thus when DFB-LD is driven by a low
frequency sawtooth signal, QTF cannot reach the
maximum of resonance owing to that the laser is
scanned over the absorption line of the measured gas
too quickly. On the other hand, continuous variation
of wavelength leads to signal spectrum broadening
and energy dispersion. So if energy loss of the
second harmonic signal is not desirable, the
bandwidth of low-pass filter of lock-in amplifier

cannot be set too narrow.

3. Experimental verification

3.1 Noise measurement of preamplifier circuit

To analyze the contribution of each part of noise
source in preamplifier circuit, several experiments
were conducted by utilizing 7230 General Purpose
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DSP Lock-in Amplifier (AMETEK USA). In order
to measure the noise in the vicinity of QTF central
frequency 32768 Hz and
bandwidth 0.8 Hz were set to measure the output
noises. Experimental circuit is shown in Fig. 2(b),
and AC source was used instead of wire.

First of all, we only changed R, and measured
the output V,. V, was equal to 2.5uV while R, was
disconnected. This noise value could be thought to
be a contribution of R,and OPA.

frequency, central

104 u

8+ m
s
3 6
Ny
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2 T T v
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Fig.4 Output noise ¥, ranges with R, on condition that R,=
10MQ.

Output V, generated by R, can be shown as

follows:

|4 —&-V 13
R, _output — R R - ( )
1

Based on (5), the following equation is yielded:
R,
VRlioquut = . ' 4kBTAf . (14)
JR Y

Considering that the gain-bandwidth product
(GBP) of OPA CA3140E is about 4.5 MHz, the
maximum magnification can be calculated to be
137 times, so as shown in Fig.4, on condition that R,
is small, Vr1 oupue increases with the rising of R and
will not become larger all the time because the noise
magnification starts to decrease linearly and the
noise of R, increases only by\/F1 . This conclusion
may hint whether the preamplifier circuit is in a low
noise state.

Then the simulation experiment of QTF internal
resistor noise amplifying was carried out. In order to
simulate QTF internal resistor, an experiment
measuring QTF should be
completed. The experimental circuit of QTF internal
resistor is shown in Fig.5. A 5mV sine signal was
input in its resonant frequency, and the output was

internal  resistor

Photonic Sensors

500mV. So according to the noise gain relation and
theory of series resonance, it could be considered
that the QTF internal equivalent resistor was R, =
1/100-R~=100kQ.

Ry

— L,

QTF

Fig. 5 Measurement circuit of QTF internal resistor.

So R =100k was chosen as QTF, and we only
changed R, The output noise was measured as
shown in Fig. 6. It could be seen that the output
noise becomes larger nearly linear with the R,
increasing. So the R, less than 30 MQ could be
suitable value in QTF preamplifier circuit using
OPA CA3140E which not only reaches high gain but
also prevents signal distortion because of limited
GBP.
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Fig. 6 Simulation experiment of QTF internal resistor noise
amplifying.

While the noise of preamplifier circuit with QTF
mentioned in Section 3.2 is about 2 times of the
preamplifier circuit with R, instead of QTF as
shown in Fig.6. Thus it could be concluded that not
only noise contribution of QTF consisted in the
internal equivalent resistor but some other reasons
such as air turbulence.

According to the above description, the output
noise V, consisted in QTF, Ry, and OPA. According
to (4), no matter QTF consisted the output noise of
OPA, the current noise / could be shown as Vi output =
I'Ry. So the noise contribution of R, and OPA was
about 2.5uV. As a result, it could be found that the
noise contribution of QTF was much more than that
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of Rrand OPA.

For OPA,
input-referred voltage noise also play an important
part in keeping high SNR in the QTF preamplifier
circuit. It is necessary to choose the OPA of low

input-referred current noise and

input-referred current noise and input-referred
voltage noise to reduce the output noise. GBP
should also be considered which determines the
maximum magnification of the second harmonic
signal. In order to obtain high magnification, the
OPA should have high GBP. High precision R, with
low noise and temperature drift would also increase

SNR partly.

3.2 Comparative experiment of QTF resonance
intensity

Our experimental system applied for water vapor
concentration detection aiming at verifying the
superiority of frequency locked method is shown as
Fig. 7. The wavelength of absorption peak was
chosen at 1368.597nm, and the modulation
frequency was set into 16384 Hz (1/2 of the QTF
resonant  frequency). A  function generator
(FY2300A, Feel Tech, China) was used to generate
the modulation signal. DC/scan signal to drive laser
was produced by ARM LPC1758 (NXP
Semiconductor, Netherlands), and 7230 Lock-in
Amplifier was utilized in our experimental system to
recover second harmonic signal.

~
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Fig.7 Schematic of experimental verification system.

In order to verify the difference of QTF
resonance intensity between the frequency scan
method and frequency locked method, the second

Oscilloscope

harmonic signal was measured in different scan

periods by 7230 Lock-in Amplifier whose

bandwidth of low-pass filter was set to 32Hz. The
result of measurement is shown as Fig. 8. Bandwidth
32 Hz was set to prevent the effect of signal
spectrum broadening and energy dispersion caused
by frequency scan on comparative experiment of
QTF resonance intensity according to Section 2.2.

17- | —®— Frequency locked method
—=8— Frequency scan method

Second harmonic signal (mV)
°

11 T T |
5 10 15

Scanning period (s)

Fig. 8 Second harmonic signal of frequency locked method
and frequency scan method.

From Fig.8, it could be concluded that the QTF
resonance intensity of frequency locked method is in
a high level, and only when the scan period is more
than 4.8 s can the QTF resonance intensity of
frequency scan method achieve maximum.

3.3 Comparative experiment of signal intensity
and noise measurement in different bandwidth

Since the second harmonic signal of the
frequency scan method was proportional to the filter
bandwidth of the lock-in amplifier, the filter
bandwidth of the lock-in amplifier could not be set
too narrow. Otherwise, the second harmonic signal
would be lost, if the filter bandwidth was too wide,
the noise would be too large. Figure 9 depicts the
second harmonic signal of frequency locked method
and frequency scan method in different bandwidths.
In order to eliminate the effect of QTF resonance
intensity demonstrated by Fig.8, the scan period of
4.8s was an ideal value for this experiment.

The experimental results showed that the signal
amplitude of the frequency locked method had no
relation with the filter bandwidth of the lock-in
amplifier. But the frequency scan method achieved
maximum only when the filter bandwidth was

greater than 1.5Hz.
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Fig.9 Second harmonic signal of frequency locked method
and frequency scan method in different bandwidths.

The filter bandwidth of lock-in amplifier not
only affected the signal intensity, but also affected
the noise. According to thermal noise (5), thermal
noise would decrease with the Af narrowing. An
experiment was carried out to verify this formula,
and the result is shown in Fig. 10.
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Fig. 10 Noise measurement in different low-pass filter
bandwidths.

3.4 QEPAS system of vapor concentration
detection based on frequency locked method and
numerical averaging technique

The QEPAS system of vapor concentration
detection we designed is shown in Fig. 11. Different
from experiment above, chip AD630 (ANALOG
DEVICES, USA) and peripheral circuit [12] we
designed independently were utilized as lock-in and
filter circuit instead of 7230 General Purpose DSP
Lock-in Amplifier. It is nothing less than 7230 but
its costs are far lower. The bandwidth of low-pass
filter was set to 1 Hz. The output of lock-in and filter
circuit was acquired into ARM. Acquired data was
processed by a C# program which was downloaded
into ARM and then transferred to computer.

Photonic Sensors
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Fig. 11 Schematic of QEPAS system of vapor concentration
detection based on frequency locked method and numerical
averaging technique.

The second harmonic signal was detected and
locked method and

frequency scan method, respectively. To satisfy the

processed by frequency

real-time constraints, the scan period of frequency
scan method was set to 1.2s. So there would be only
one point acquired per 1.2 s by frequency scan
method while in this 1.2s time 6000 points could be
collected and averaged by ARM by the frequency

locked method. Numerical averaging partly

optimized away the data fluctuation caused by noise.
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Fig. 12 Data acquisition: (a) frequency scan method and
(b) frequency locked method.

The collected data in PC are shown in Fig. 12.
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The signal of the frequency locked method is about
7 times larger than that of the frequency scan
method, and data fluctuation of frequency locked
method is about half of the frequency scan method.
As a result, the SNR could be increased 14 times by
locked and numerical

frequency averaging

technique.

4. Conclusions

In this paper, the preamplifier circuit noise is
measured and analyzed by utilizing CA3140, which
shows the main noise source to be QTF and may
also instruct us on how to choose R, and OPA.
Comparative experiment between the frequency
locked method
demonstrates that the QTF resonance intensity is

and frequency scan method

always in the maximum state and spectrum
broadening and output noise will reach to the
minimum by the frequency locked method. On the
condition of quick response, our QEPAS system of
water vapor concentration detection based on
frequency locked method and numerical averaging
technique achieves about 500 SNR, which is

14 times of frequency scan method.
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