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Abstract

In order to extract the weak terahertz signal in the terahertz time-domain spectroscopy (THz-
TDS), and to solve the problem of single amplification of the existing lock-in amplifier or manual
adjustment of the amplification, a lock-in amplifier with self-adaptive adjustment function for
phase and amplification is designed. Compared with the traditional lock-in amplifier, it reduces
the use of electronic components such as phase shifters, modulators and summators, and
reduces the development cost of the circuit. The phase shifting module and the amplification
factor of the amplifying circuit are controlled by the MCU control unit and the magnitude of
the received feedback signal respectively. The dynamic range of the terahertz time-domain
spectroscopy system using phase and amplification adaptive lock-in amplifiers indoors can
reach 70 dB. The test results show that the designed lock-in amplifier can effectively improve
the dynamic range of the terahertz system,and is more convenient for real-life applications.
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Introduction the more mature terahertz spectroscopy technol-

ogy is based on the generation and the detection
of the ultrafast photoelectronic terahertz wave. If
you can realize the intuitive measurement of tera-
hertz pulses, it is necessary to measure the current
formed by photo-generated carriers generated by
the THz photoconductive receiving antenna, and
the current formed by photo-generated carriers is
at the uA level [8]. Traditional weak signal detec-
tion methods usually include coherent detection,
sampling average and digital filtering, probability
density function measurement, narrowband fil-

Terahertz wave [1,2] refers to electromagnet-
ic waves with a frequency of 0.1 THz ~ 10 THz (1
THz = 10 Hz), located between the microwave
and infrared. With the advantages such as strong
penetrability, low photon energy, and fingerprint
spectrum, terahertz wave has important applica-
tion prospects in the fields of substance identifica-
tion, safety inspection, non-destructive inspection
of materials and structures, biopsy of biological tis-
sues, and wireless communication [3-7]. At present,
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tering, etc. In addition, there are also some new
weak signal detection theories and methods, such
as adaptive filtering [9]. Lock-in amplifier is based
on the theory of maximum-likelihood estimation.
It is a detection instrument that uses correlation
detection as a means to detect and extract weak
signals. Therefore, the lock-in amplifier module has
become the first choice for photo-generated carri-
er measurement tools.

Due to the rapid development of THz technol-
ogy and actual use requirements, some research
institutions have cooperated with some famous
instrument manufacturers to develop miniaturized
and easy-to-use THz instruments [10-12], and some
laboratories produce practical THz instruments
themselves. Some high-tech companies that orig-
inally produced optoelectronic products have also
started the development of THz instruments with
their own technological advantages. Some bottle-
necks have been encountered in the development
of terahertz time-domain spectroscopy systems.
Although ordinary commercial lock-in amplifiers
have better amplification effects, they are bulky
and expensive, which is not applicable to the com-
mercialization of THz equipment.

In the terahertz time-domain spectroscopy sys-
tem, in order to solve the problem of the existing
lock-in amplifier with single magnification or man-
ual adjustment of the magnification, and to reduce
the difficulty of using the lock-in amplifier. In this
paper, a lock-in amplifier with adaptive adjustment
of phase and amplification is designed. The phase
shift module is controlled by its own MCU control

unit and the magnitude of the received feedback
signal to adjust the phase and match the amplifi-
cation of the amplifier circuit. The designed lock-
in amplifier is applied to the terahertz time-do-
main spectroscopy system for testing and verifi-
cation. The experimental results confirm that this
self-adaptive, miniaturized, and integrated lock-in
amplifier has practical value.

System Composition and Working Principle

Basic composition of terahertz time-domain
spectroscopy system

The terahertz time domain spectroscopy system
[13,14] is mainly composed of femtosecond lasers,
modulated bias modules, phase and amplification
adaptive lock-in amplifiers, optical delay lines, THz
photoconductive transmitting and receiving anten-
nas, lens groups, and PC terminals. The upper com-
puter module and other functional modules are
composed, as shown in Figure 1.

The laser pulse with femtosecond pulse width
from the ultrafast femtosecond laser is divided into
two paths. One path is used as the pump light to
excite the THz photoconductive transmitting an-
tenna to generate photogenerated free carriers.
These photogenerated free carriers are biased at a
frequency of 10 KHz. Under the action of the elec-
tric field, it moves to form an instantaneous cur-
rent and radiates THz pulses. The other is used as
a detection pulse and a terahertz pulse to irradi-
ate the electrode gap of the THz photoconductive
receiving antenna at the same time. The detection
pulse generates instantaneously photogenerated

THz photoconductive | THzsignal | Lens | THzsignal | THz photoconductive |
transmitting antenna group receiving antenna
Modulation T i
bias voltage —| a5er
Modulation Femtosecond | laser Optical delay
bias module laser line
Input
Y1(0) — signal
MCU excitation clock so(t)
0
Other functional Lock-in amplifier with ~ [*
modules in the adaptive amplification
system

Host computer module

Figure 1: Schematic of terahertz time domain spectroscopy system.
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Figure 2: Schematic of adaptive lock-in amplifier.

free carriers in this area and forms a current under
the drive of the terahertz electric field, which is ob-
tained by detecting the current size.

The PC terminal host computer module realizes
the detection pulse by controlling the optical delay
line to sample and measure the electric field inten-
sity of the terahertz pulse and can obtain a weak
current signal proportional to the electric field in-
tensity of the terahertz pulse, the magnitude is uA
level, which is submerged in noise.

The lock-in amplifier can extract the weak signal
proportional to the intensity of the THz pulse elec-
tric field [15] and record the time-domain wave-
form of the terahertz pulse through the PC terminal
host computer module.

The working principle of lock-in amplifier

The phase and amplification adaptive lock-in
amplifier is mainly composed of 7 parts, pre-cur-
rent amplifier, band-pass filter, modem, low-pass
filter, post-amplifier, ADC module and MCU control
unit [16]. See Figure 2.

The designed band-pass filter in the lock-in am-
plifier is a voltage-controlled voltage source band-
pass filter with a Q value of 8, and the low-pass
filter is a second-order Butterworth filter [17]. The
bandwidth of the band-pass filter and the low-pass
filter can be manually configured by the MCU con-
trol unit. The design method is the same as that of
the post-amplifier described below. The program-
mable DG409 analog switch chip is used to man-
ually configure the bandwidth according to actual

needs.

The excitation clock module in the MCU control
unit generates rectangular wave with a frequency
of 10 KHz and a duty cycle of 50%, drives the mod-
ulation bias module to generate a periodic bias sig-
nal, and then stimulates the THz photoconductive
antenna to generate a periodic THz signal.

The excitation clock module in the MCU control
unit generates a square wave signal y, (t) with a
frequency of 10 KHz and a duty cycle of 50%, drives
the modulation bias module to generate a periodic
bias signal, and then stimulates the THz photocon-
ductive antenna to generate a periodic THz signal.
The THz signal is converted into a weak current
signal s,(¢) after passing through the THz pho-
toconductive receiving antenna. It is amplified by
the pre-current amplifier and then converted into
a voltage signal s,(¢), s,(¢) is filtered by a band-
pass filter and then becomes s, (¢) . Among them,
s,(¢) and s,(2), s,(¢), () are all signals of
the same frequency and n (t) is the channel noise,

5,(¢) can be expressed as
s,(t) = Ksin(wt+a)+n (t) (1)

y,(t) and y,(¢) are periodic signals with the
same frequency and phase with adjustable fre-
quency and duty cycle. y,(¢) is y, () the signal af-
ter the phase is adjusted by the phase shift module.

y;(t) = Csin(wr + p) (2)
The modulation and demodulation process is

X, (t) = (32 (t)+ n(t))*y3(t)
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Figure 3: Circuit design of post-amplifier.

= (Ksin(wt+a)+n (¢)*C sin(ot + ) (3)

After x,(¢) is filtered by a low-pass filter, the
high-frequency components in the signal are fil-
tered, the x, (¢) signal becomes:

x (1) = (4)

x, (1) is sampled by the ADC module after pass-
ing through the post amplifier and finally uploaded
to the MCU unit.

%KC cos(a— f3)

Design and Implementation of Adaptive
Lock-in Amplifier

Design and realization of amplifier circuit

The amplifier circuit is composed of a pre-cur-
rent amplifier and a post-amplifier. The pre-current
amplifier is a transimpedance amplifier with two
different magnifications. The two magnifications
are 10° times and 10° times. Its main function is to
amplify the received weak THz current signal and
convert the THz current signal into a voltage sig-
nal. The post-amplifier is to amplify the power of

the signal after passing through the low-pass filter.
There are four design magnifications of 2 times, 5
times, 10 times and 20 times.

The pre-current amplifier uses a programmable
relay to control the amplification factor, and the
subsequent amplifier uses the programmable an-
alog switch chip DG409 for control. Take the later
amplifier as an example, the design circuit is shown
in Figure 3.

DG409 is a dual 4-channel differential analog
switch. The MCU control unit adaptively configures
the DG409 chip through internal logic to select
the amplification factor of the post-amplifier [18],
which solves the problem that the existing lock-in
amplifier has a single amplification factor or needs
to manually configure the amplification factor and
simplifies the use of the lock-in amplifier.

Design and realization of phase adaptive ad-
justment

The signal processing module in the MCU con-
trol unit receives the signal uploaded by the ADC
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module and stores the received signal in a cycle of
a certain length. At the same time, it identifies the
maximum value in the stored signal, the latest re-
ceived signal is compared with the maximum value
that has been identified. By periodically comparing
the maximum value, it is used to adaptively adjust
the phase and then adjust the magnification.

After the signal acquisition of the entire de-
lay range is completed, the MCU control unit can
identify the main peak signal. The host computer
module controls the optical delay line to recipro-
cate within the delay range near the main peak.
The signal processing module of the MCU control
unit controls the phase shift module to adjust the
phase by periodically comparing the received data
with the maximum value.

According to the phase adjustment command
provided by the signal processing module, the
phase shift module shifts the phase of the input
signal y,(¢) by 1° and outputs y () every cycle,
y;(t) and y,(t) are the same frequency signal.
When the received maximum value is the maxi-
mum value or the received data is equal to the max-
imum value, the phase S of y, () is considered to
be the best phase at this time, thatis f = . At
this time, the output signal of the low-pass filter is

1
X, (t) = EKC , the lock-in amplifier has complet-
ed the adaptive adjustment of the phase.

Compared with the traditional lock-in amplifier
design, the design of this paper reduces the 90°
phase shift circuit, reduces the use of modulators
and summers, and reduces the design and process-
ing cost of the lock-in amplifier.

Design and implementation of adaptive ad-
justment of magnification

After the lock is adjusted to the best phase, the
signal acquisition module in the MCU control unit
periodically compares the relationship between
the maximum value of the sampled signal and the
threshold to adaptively configure the amplification
factors of the front and rear amplifier circuits. Af-
ter the amplification adaptive module starts, con-
figure the amplification factor of the pre-current
amplifier as 10° times, and the amplification factor
of the post-amplifier to 5 times. After the system
completes the acquisition of the main peak of the
THz signal, the signal processing module will com-
pare the relationship between the maximum value

of the acquired signal and the set signal threshold.
When the collected maximum value exceeds the
system threshold, the amplification factor adap-
tive module will configure the amplification factor
of the front and rear stage amplifier circuit to be
10° times and 2 times. At this time, the optimal am-
plification factors of the pre-circuit amplifier and
the post-stage amplifier are 10° times and 2 times
respectively. If the maximum value collected does
not exceed the system threshold, the magnifica-
tion adaptive module configures the magnification
of the front and rear amplifier circuits as 10° times
and 10 times. The system re-acquires the main
peak of the THz signal, and then continues to com-
pare with the system threshold according to the
self-adapting configuration process of the amplifi-
cation factor, until the optimal combination of am-
plification factors of the pre-circuit amplifier and
the post-stage amplifier circuits is found. Figure 4
shows the flow chart of self-adaptive configuration
of magnification.

In this paper, the design of the MCU control unit
adaptively configures the magnification scheme of
the front and rear amplifier circuits, which effec-
tively solves the problem of single magnification
or manual adjustment of the magnification when
the lock-in amplifier is working, that can make the
terahertz time-domain spectroscopy system get
the maximum signal-to-noise ratio in the working
process.

PCB and low noise design

The PCB of the lock-in amplifier adopts a sin-
gle-panel design. In order to reduce the influence
of power supply noise on signal acquisition, the
working power supply selects an LDO with a small
power supply ripple and uses + 12 V and 3.3 V for
power supply. The PCB design adopts the division
design of each functional module, and rationally
lays out the power supply, analog devices and dig-
ital devices, distinguishes the digital ground from
the analog ground according to the signal direction
and working characteristics, and ensures that the
analog power supply and the digital power supply
are divided and will not interfere with each other.
The final design of the lock-in amplifier has a PCB
size of 80 mm x 80 mm, which effectively reduc-
es the size of the lock-in amplifier, making the de-
signed lock-in amplifier very suitable for being em-
bedded in a small-volume terahertz time-domain
spectroscopy system. The physical diagram of the
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designed lock-in amplifier is shown in Figure 5.

Experiment and System Performance Anal-
ysis
Construction of the experimental system

This article uses the high-precision terahertz
time-domain spectroscopy system developed by
Quenda Terahertz Technology Co., Ltd., the mod-
el is QT-TS1000. After setting up the optical sys-
tem, apply the designed phase and amplification
self-adaptive lock-in amplifier to the system. The
QT-TS1000 system has a maximum delay range of
560 ps and a spectral resolution of 2 GHz. The con-
structed terahertz time-domain spectroscopy sys-
tem is shown in Figure 6.

The frequency of the excitation signal provided
by the lock-in amplifier to the modulation bias mod-
ule is 10 KHz, the integration time of the system
is 100ms, the phase of the lock-in amplifier after
adaptive adjustment is 36°, and the amplification
factor of the pre-current amplifier after adaptive
adjustment is 10° times, the magnification of the
post-amplifier is 10 times.

Test results and analysis

Under laboratory conditions, the temperature
is 25 °C, the air humidity is 40%, and the designed
phase and amplification self-adaptive lock-in ampli-
fier is used. The PC terminal host computer module
of the QT-TS1000 system configures the system to
work with a delay range of 170 ps ~ 200 ps, the
step length of the optical delay line is 0.02 ps. The
time-domain waveform of the terahertz signal ob-
tained by the test is shown in Figure 7, and the fre-
guency-domain waveform of the terahertz signal is
shown in Figure 8.

The time-domain waveform of the terahertz
signal is the intensity information of the terahertz
signal sampled by the lock-in amplifier, and the fre-
guency-domain waveform is the time-domain sig-
nal obtained after Fourier transform without noise
reduction. Obvious water vapor absorption peaks
can be seen from the spectrum of the terahertz sig-
nal in Figure 8. The spectrum width of the system
obtained by the test is above 5THz, and the dynam-
ic range of the system can reach 72 dB. The test
results shows that the designed phase-and-magni-
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Figure 6: Terahertz Time Domain Spectroscopy System.

o 00 6 NN

Zhang Z, Liu Y, Zhu X (2021) Design of an Adaptive Lock-in Amplifier for the Terahertz System. Int J Ind Operations Res 4:009




Zhang et al. Int J Ind Operations Res 2021, 4:009 ISSN: 2633-8947 | e Page 8 of 9 e

4000 T T T T T

3000 - =

1000 - &

-1000 | -

Amplitude/A.U.

-2000 - al

-3000

-4000 - -

-5000 - =

6000 L 1 I 1 I 1
170 175 180 185 190 195 200 205

Time/ps

Figure 7: THz signal time-domain waveform.

Power/dB

€0 -

-70 -

-80

Frequency /THz

Figure 8: THz signal frequency domain waveform.

Zhang Z, Liu Y, Zhu X (2021) Design of an Adaptive Lock-in Amplifier for the Terahertz System. Int J Ind Operations Res 4:009




Zhang et al. Int J Ind Operations Res 2021, 4:009

ISSN: 2633-8947 | e Page 9 of 9 e

fication lock-in amplifier is applied to the detection
of weak signals in the terahertz time-domain spec-
troscopy system, and can recover signals from data
with a signal-to-noise ratio of -72 dB.

Conclusion

The lock-in amplifier designed in this paper with
adaptive function of phase and amplification can
realize the adaptive adjustment of signal demodu-
lation phase and the adaptive configuration of cir-
cuit amplification. The lock-in amplifier is applied
to the terahertz time-domain spectroscopy system,
it is tested under the conditions that the bias mod-
ulation frequency is 10 KHz, the temperature is 25
°C, and the humidity is 40%. The lock-in amplifier
can recover signals from data with a signal-to-noise
ratio of -72 dB. In the terahertz time-domain spec-
troscopy system, relying on the lock-in amplifier to
increase the dynamic range of the system has ap-
proximately reached the bottleneck. If you contin-
ue to optimize the lock-in amplifier to increase the
dynamic range, it is costly, which is not applicable
to the system as a product. However, two methods
can be used to improve the dynamic range of the
terahertz system by reducing the noise of the signal
or adding a coded modulation signal to the modu-
lation signal.
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