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A B S T R A C T

In this paper, we propose a cost-effective laser frequency locking scheme based on frequency modulation
spectroscopy (FMS) for precision measurements and experiments in various fields. We demonstrate that by
digitally modulating the detected signal frequency using a Field-Programmable-Gate-Array (FPGA) driven by
a home-built lock-in and a proportional–integral–derivative (PID) control system, our system achieves higher
precision, user-friendliness, and versatility. Our system generates a 20 V peak-to-peak amplified voltage to a
piezo transducer (PZT), which enables a mode-hop free laser scan of approximately 2 ±0.2 GHz. We directly
modulate the detected saturation absorption signal with a sinusoidal waveform, then demodulate it to obtain
multiple zero crossing locking points on the D2 transition of Cs at 852.35 nm. We optimized the system for
three commonly used atomic transitions and found that researchers can select any of the zero crossing peaks
for frequency stabilization depending on their experimental requirements, we locked the laser at the crossover
transition. We measured the long-time frequency fluctuation and power spectral density and found that the
frequency fluctuation of the laser is much less than the natural line width of the D2 transition of Cs. Our results
demonstrate that our laser frequency locking scheme is effective and practical for precision measurements and
experiments in various fields.
1. Introduction

Frequency-stable laser sources such as Bose–Einstein condensation,
optical atomic clocks, quantum gravimeters, and ultra-cold molecular
physics are crucial for laser cooling and trapping experiments. To
achieve this, kHz-level frequency stabilization technology is essential
for fundamental science [1], quantum navigation [2], and highly sen-
sitive ground and space-based quantum sensors [3,4]. However, the
complete system requires dedicated physical components and complex
control hardware for stabilizing the laser frequency. The conventional
system is comparatively large, necessitates various electronic compo-
nents, and demands considerable space. Recent experiments in atomic
physics demand compact sub-systems that can operate at significantly
high speeds and can be controlled digitally.

The Field-programmable Gate Array (FPGA)-based locking system
reduces the subsystem size compared to the traditional system. It pro-
vides high temporal resolution and high-speed data transfer on control
outputs and acquisition inputs. Moreover, FPGA-based electronics are
highly re-configurable and offer the possibility of a conditional control
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spectrum digitally. These properties can be used as ideal platforms
to realize locking circuits [5,6]. The FPGA-based system can also be
used for optomechanical systems [7], cold atom experiments [8,9],
experiments with Diamond Nitrogen-Vacancy [10], and the operation
of Ion traps [11]. Recently, the high availability of FPGA chips made
them cost-effective, and they have been used at cryogenic tempera-
tures, making them attractive for the management of several quantum
information systems [12].

Recently, the Red Pitaya STEMlab-based FPGA has been accepted by
the scientific organization for several real-life applications, including
locking-in amplification, laser frequency, and intensity stabilization [6,
13]. But no one has systematically characterized and studied the di-
rect frequency modulation of the saturation absorption spectroscopic
(SAS) spectrum with improved scan range. In addition, one can gener-
ate random waveforms/functions, including generators using the Red
Pitaya. Also, the Red Pitaya offers satisfactory timing resolution but
is restricted in control functionality and input or output channels.
FPGA-based systems are very beneficial for high-time resolution and
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Fig. 1. The experimental setup consists of an External-Cavity Diode Laser (ECDL) producing the required laser beam. The beam passes through a half wave-plate (L/2) and a
polarizing beam splitter (PBS). One arm of the beam goes into a wavelength meter (WM), while the other arm overlaps with the pump beam and the probe beam inside the vapor
cell. The probe beam is focused through the f = +50 mm lens into a photo-diode (PD). The photodetector signal is directed to the FPGA-based locking box, where it undergoes
simultaneous modulation and demodulation processes. This setup allows for the generation of a scan signal, which is precisely controlled by the PID unit. The signal is subsequently
amplified, subjected to offset addition, filtered, and finally passed through a buffer and load compensator to produce the feedback signal. This feedback signal is then recorded
using a graphical user interface (GUI) via a digital interface, typically on a laptop. The feedback signal is sent back to the laser to stabilize its frequency. The digital feedback
control system is also shown in the schematic diagram.
considerable bandwidth applications, but due to limited specialized
knowledge of the programming community, having some obstacles.

This paper introduces a compact laser frequency stabilization sys-
tem and an FPGA-based laser locking amplifier circuit that can fine-
tune laser frequency without touching the grating. The system is based
on the inexpensive Xilinx Zynq-7010 Red Pitaya STEMlab board, which
offers a timing resolution of 8 ns and a bandwidth of ∼125 MHz
for 14 digital output channels. We can take advantage of its open-
source logic design capabilities and tailor the code to suit our specific
application. To achieve our locking objectives, we have developed a
customized code and graphical user interface (GUI) that integrates
seamlessly into our design. The code customization is implemented on
an FPGA to ensure efficient locking operations. We can control every
parameter of the laser through the modified home-built GUI, including
the laser ramp voltage, locking, and digitally monitoring the detected
absorption spectrum. We demonstrate the routine use of these modules
in controlling lasers and locking the laser using the frequency modu-
lation spectroscopy (FMS) technique. The paper is organized into four
parts: (i) a detailed description of the optical setup, (ii) details of the
homebuilt electronics used to drive and lock the laser, (iii) optimization
of experimental FM spectroscopy, and (iv) evaluation of the long-
time frequency fluctuation and power spectral density (PSD) spectrum
before and after locking to determine the qualitative difference.

2. Optical setup design

Our frequency reference study is based on FM spectroscopy, where
we digitally modulate the SAS spectrum by changing the frequency and
amplitude of detected signals. Our optical setup includes a compact
home-built External-cavity diode laser (ECDL) in Littrow configuration
with a cavity length of 15 mm and a free spectral range of 10 GHz.
After optimizing the beam’s position and size, we split it into two parts.
One part goes to a wavelength meter (WM) to continuously monitor the
2

beam’s wavelength, while the other part is used in the spectroscopic
experiment. The beam was divided into two parts using a half-wave
plate and a polarizing beam splitter. One part served as the probe beam,
and the other as the pump beam. Both beams were made to overlap
inside the vapor cell, where they interacted with atoms in a non-linear
fashion, resulting in the generation of the SAS spectrum of the D2-line
of Cesium (Cs) at 852.35 nm. The spectrum was detected by focusing
the probe beam using an f = +50 mm lens into a home-built photo-
diode (PD) with a responsivity of approximately 0.55 A/W and a 35
MHz bandwidth. The detected SAS spectrum was sent to the input of the
compact locking system, which could be monitored using the interface
shown in Fig. 1. The locking device consists of two main components:
an FPGA-based stand-alone system and an electronic sub-system. The
circuit generates an amplified ramp signal, which is sent to the input
Piezo as a laser ramp. The Red Pitaya is used to modulate the SAS
spectrum by beating it with a sinusoidal signal of specific frequency
and amplitude. This results in an FM spectrum with multiple zero
crossings. Once a lock point is selected at a specific atomic transition,
the proportional–integral–derivative (PID) controller is activated to
compensate for voltage fluctuations in the laser spectrum. The laser
Piezo then forms a closed loop, allowing the system to follow the loop
for long-term laser frequency stability continuously.

To achieve stability, reduce bulkiness, and increase compactness, a
laser-controlling box has been designed using 3D printing technology.
This box has been designed to allow for the components to be mounted
on the walls of the box, and the power supply has been integrated
into the box itself. This resulted in a compact and easy-to-use plug-
and-play system, as depicted in Fig. 2(a). The customized GUI based
on previous work [6,13], is capable of generating ramp signals, mod-
ulation spectra, demodulation of spectroscopy spectra, and frequency
locking (locked/unlocked). Furthermore, the system features an RGB-
LED that indicates the device status (idle, running, error). The back
panel of the box provides access to the Red Pitaya’s interface, which
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Fig. 2. The system is presented in (a) with the primary electronic components, and the characterized data and FM signals are displayed. It showcases the hardware integration of
the FPGA-based laser locking box, which measures 12 cm × 11 cm × 9 cm. The innovative electronic design of the laser locking circuit is depicted in (b) and labeled accordingly.
The electronic circuit’s characteristic plots are displayed in (c), with the black data point representing the voltage output with the input voltage, and the red data point representing
the theoretical prediction of experimental data. Finally, in (d), the saturation absorption and FM spectroscopy signals’ blue and purple lines are illustrated, demonstrating all visible
hyper-fine transitions.
Fig. 3. Block diagram of working principle of a Red Pitaya.
includes connectors for the power supply (micro-USB), USB type A, and
Ethernet for the digital interface/laptop, as shown in Fig. 1.

3. Lock-box electronics design

The generated ramp signal is directly applied to the laser’s PZT,
and the laser beam passes through a Cs vapor cell at a wavelength of
852.35 nm. A photo-diode (FDS 100, with 35 MHz bandwidth where
the load resistance (R𝐿) is 50 Ω) detects the beam’s intensity and
produces a signal in the millivolt range proportional to the beam’s
intensity. This signal requires processing to reduce noise and emphasize
the essential locking parameters. To address this, an innovative locking
box circuit has been developed using FPGA technology and discrete
components, as shown in Fig. 2(a) and (b). The circuit’s functionality
has been confirmed using the test setup demonstrated in Fig. 2(c),
which illustrates the correlation between the input voltage and the
output voltage of the circuit depicted in Fig. 2(b). Within the locking
3

system, the primary signal is a triangular scan signal, generated by the
Red Pitaya, featuring programmable amplitude and frequency.

The locking box is equipped with a Red Pitaya programmed with
Verilog coding to offer functions like a triangular/scan signal gener-
ator, lock-in amplifier, locking controller, and proportional–integral–
derivative controller (PID) [14]. The Red Pitaya produces an output
voltage within the ±1 Volt range, which is processed through a series of
discrete component-built circuits consisting of a voltage amplifier, DC
voltage adder, filter, buffer, and load compensator. After processing, a
20 V (peak-to-peak) signal is generated and fed to the piezo-actuator
for scanning while the PID is activated to regulate the actuation dis-
placement. The signal V𝑐𝑜𝑛𝑡𝑟𝑜𝑙 represents the signal generated by the
Redpitaya, while the V𝑜𝑢𝑡 signal corresponds to the amplified and
filtered signal. The key innovation lies in the circuit design, which am-
plifies the signal and introduces an offset to shift the signal. For filtering
purposes, a Sallen-Key low pass filter topology has been employed, and
the filter parameters are determined using Eq. (4).
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3.1. Red pitaya

The laser locking box is built around the Red Pitaya system-on-chip
(SOC) based on a dual-core ARM Cortex-A9 processor. The system’s
block diagram is shown in Fig. 3, with two 14-bit analog-to-digital
converters (ADCs) and two 14-bit digital-to-analog converters (DACs),
the Red Pitaya can perform high-speed data acquisition. The system’s
data conversion rate is 125 MHz, which is suitable for laser locking
applications. Low-pass FIR and IIR filters are available on the system
to remove unwanted noise digitally. The FPGA is programmed using
Verilog coding [14] to perform various functions, such as generating
triangular/scan signals, lock-in amplification, and PID control. The Red
Pitaya offers a web-based GUI to interact with the lockbox circuit and
adjust real-time parameters, such as the lock-in time constant and the
PID gains.

3.2. Triangular signal generator

The primary function of the triangular/scan signal generator is to
move the piezo mirror within the voltage range of 0 to 20 V. This is
achieved by producing a triangular waveform that linearly displaces
the mirror position as it increases and decreases. This enables precise
determination of the lock-in position. The Verilog code is used to
implement the signal logic, which is then programmed into the FPGA
to control the piezo actuator. However, the output voltage range of the
Red Pitaya DAC is limited to ±1 Volt, and to achieve the desired voltage
range of 0 to 20 V, an external circuit is employed to amplify the
triangular signal. This range corresponds to a mode hop-free laser scan
in the frequency domain of approximately 2 ± 0.2 GHz. The limitation
on the output voltage range is due to the availability of a suitable power
supply and the semiconductor chip.

3.3. Lock-in amplifier

The signal selected for locking is processed by the lock-in amplifier,
which modulates it with a carrier signal from a local oscillator. The
lock-in amplifier is capable of performing standard harmonic lock-in
and square wave lock-in, as reported in [14]. In this experiment, the
optimized carrier frequency for the standard lock-in is 3.82 ± 0.04 kHz,
while the square wave lock-in can operate up to 31 MHz. The modu-
lated signal is subsequently routed through a low-pass filter designed
to eliminate any undesirable noise. For this specific experiment, an
optimal cut-off frequency of 307.1 kHz has been determined. A com-
prehensive investigation of the modulation process has been conducted
and is presented in Fig. 4.

3.4. Locking control

The locking control unit consists of logic and PID controllers to
select the control signal. Initially, a triangular signal is delivered to the
piezoelectric actuator before locking. Once the lock point is selected
through the GUI, the control unit outputs a PID-controlled signal to
the actuator. The PID parameters, which include K𝑝, K𝑣, and K𝑎, can be
djusted to achieve efficient control. For our setup, the optimal values
f K𝑝, K𝑣, and K𝑎 are 715, 15, and 1 a.u, respectively.

.5. Amplifier

The Red Pitaya’s output voltages are insufficient for driving the
iezo and obtaining a proper laser spectrum. To address this, an ex-
ernal non-inverting amplifier circuit using an OP27 with an 8 MHz
andwidth is employed to amplify the control signal with a gain of 11.
he circuit diagram for the amplifier is shown in Fig. 2(b). The gain of
he amplifier can be calculated as:

𝑣 = 1 +
𝑅𝑓 (1)
4

𝑅1
Here 𝐴𝑣 is the gain of the amplifier. 𝑅𝑓 = 10 kΩ, 𝑅1 = 1 kΩ are the
feedback and input resistor values.

𝑉𝐴𝑚𝑝 = 𝐴𝑣𝑉𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠𝑖𝑛(2𝜋𝑓𝑚𝑡) + 𝑉𝑛𝑠𝑖𝑛(2𝜋𝑓𝑛𝑡) (2)

Here 𝑉𝐴𝑚𝑝 is the amplified triangular or scan signal. 𝑉𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝑠𝑖𝑛(2𝜋𝑓𝑚𝑡) is the controlled signal for scanning the laser, 𝑉𝑐𝑜𝑛𝑡𝑟𝑜𝑙 is the
amplitude of controlled signal, 𝑓𝑚 is the frequency of the controlled
signal, 𝑉𝑛 is the noise signal amplitude, 𝑓𝑛 is the noise signal frequency
(𝑓𝑛 ≫ 𝑓𝑚).

3.6. DC offset adder

The tunable DC offset signal added to the amplified signal can
be used to fine-tune the laser spectrum and drive the piezo actuator
with positive voltage. This DC offset signal is obtained using a DC
adder circuit designed using an LTC6090 operational amplifier with a
bandwidth of 12 MHz and four 1 kΩ resistors, as shown in Fig. 2(b).
The circuit provides unity gain amplification to the signal.

The resulting signal can be expressed as:

𝑉𝐴𝑑𝑑𝑒𝑟 = 𝑉𝑜𝑓𝑓𝑠𝑒𝑡 + 𝐴𝑣𝑉𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠𝑖𝑛(2𝜋𝑓𝑚𝑡) + 𝑉𝑛𝑠𝑖𝑛(2𝜋𝑓𝑛𝑡) (3)

Here, 𝑉𝐴𝑑𝑑𝑒𝑟 is the tunable DC signal along with the amplified signal,
𝑉𝑜𝑓𝑓𝑠𝑒𝑡 is the DC offset voltage, 𝐴𝑣 is the gain of the amplifier, 𝑉𝑐𝑜𝑛𝑡𝑟𝑜𝑙
is the controlled scan signal.

A variable DC voltage in the 0 to 15 V range is obtained using
a potentiometer (POT) in the system, as shown in the OP27 buffer
block in Fig. 2(b). The offset adder can also be used for fine-tuning
the grating, as it was found that the frequency can be tuned up to 350
MHz without adjusting any other components.

3.7. Filter

To improve the system’s performance, a low-pass filter is employed
to remove high-frequency noise from the DC-coupled amplified signal,
which affects the system’s operation in the 0 to 10 Hz frequency
range [15]. This filter not only sharpens the scan signal but also
minimizes the errors in laser locking. A second-order Sallen-Key low-
pass filter topology [16] is used, with a cut-off frequency of 795 ± 5 Hz.
The cut-off frequency, which is determined by resistor and capacitor
values, is given by the following equation:

𝑓𝑐 =
1

√

2𝜋𝑅8𝑅9𝐶1𝐶2
(4)

here 𝑓𝑐 is the cut-off frequency, 𝑅8 and 𝑅9 are resistor values of 2
MΩ, and 𝐶1 and 𝐶2 are capacitor values of 100 pF each. After filtering,
he resulting voltage is the same as that of the DC voltage adder, and
s expressed as:

𝐹 𝑖𝑙𝑡𝑒𝑟 = 𝑉𝑜𝑓𝑓𝑠𝑒𝑡 + 𝐴𝑣𝑉𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠𝑖𝑛(2𝜋𝑓𝑚𝑡) (5)

where 𝑉𝐹 𝑖𝑙𝑡𝑒𝑟 is the filtered signal, 𝐴𝑣 is the amplifier gain, and 𝑉𝑐𝑜𝑛𝑡𝑟𝑜𝑙
is the controlled scan signal. The frequency order is 𝑓𝑛 > 𝑓𝑐 > 𝑓𝑚.

3.8. Buffer

In the designed circuit, two buffer circuits are incorporated to
prevent the loading effect between the POT and the DC offset adder
and between the filter and the load compensator. These buffer circuits
ensure that the input signal is transmitted to the output without any
distortion or loss, as depicted in Fig. 2(b).
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Fig. 4. Figure (a) and (b) show the amplitude and slope of the FM spectrum, respectively, as a function of the modulation frequency while keeping the modulation amplitude

constant at f𝑎𝑚𝑝. = 306.4 mV. Similarly, figures (c) and (d) display the effect of changing the modulation amplitude at a fixed modulation frequency of f𝑓𝑟𝑒𝑞. = 3.82± 0.04 kHz.
3.9. Load compensator

The DC-coupled amplified signal drives the piezo-actuator, which
acts as a capacitive load. However, large capacitive loads can have a
detrimental effect on system stability. In this design, the load capaci-
tance is within the range of 345 nF, which is relatively high but still
stable. A POT with a low resistance value is introduced to address this
issue. The tunability of the POT enables the system to accommodate
various piezo loads. The load compensating POT is highlighted in green
in Fig. 2(b).

3.10. Piezo-actuator

Piezoelectric actuators are precision ceramic actuators that convert
electrical energy directly into linear motion with high speed and force.
A piezoelectric actuator adjusts the mirror position according to the
applied voltage in this system. The output voltage of the electronic box,
which serves as the input voltage to the piezoelectric actuator, is given
by:

𝑉𝑜𝑢𝑡 = 𝑉𝑜𝑓𝑓𝑠𝑒𝑡 + 𝐴𝑣𝑉𝑐𝑜𝑛𝑡𝑟𝑜𝑙 sin(2𝜋𝑓𝑚𝑡) (6)

The characteristics of the electronic box when 𝑉𝑜𝑓𝑓𝑠𝑒𝑡 = 0 are shown
in Fig. 2(c). The input voltage varies from 0 to 2 V and is measured
as the output voltage. The characteristic curve exhibits a linear nature
and matches the theoretical analysis. Similarly, the electronic box input
frequency is changed from 0 to 10 Hz, and the output voltage is
measured. As the output voltage is frequency-independent, there is no
effect on the output voltage due to changes in input frequency.

3.11. Graphical user interface

A GUI has been customized to enable control of the experimental
setup (as illustrated in Fig. 1) and analysis of output signals. The
5

GUI communicates with the FPGA and allows for the adjustment of
parameters for the scope, triangular signal generator, PID controller,
modulator, demodulator, and filter. Each module’s parameters can be
continuously tuned to achieve the desired output. For example, the
scan signal’s amplitude maximum, amplitude minimum, and frequency
parameters are adjustable. In the case of the PIDs, the parameters 𝐾𝑝,
𝐾𝑣, and 𝐾𝑎 can be adjusted. In the case of the modulator, modulation
amplitude and frequency parameters are tunable, while in the case
of the demodulator, the cut-off frequency can be adjusted. The GUI
also provides the option to route necessary input and output signals
to the system module. Overall, the designed GUI interface simplifies
the process of laser locking and makes it user-friendly.

4. Frequency modulation spectroscopy

Frequency Modulation Spectroscopy (FMS) is a highly precise and
sensitive method of spectroscopy that was first introduced by Bjork-
lund in the 1980s [17,18]. The traditional technique of FMS involves
carrier frequency and sideband frequencies, with the modulation fre-
quency acting as a sideband frequency. In this method, a carrier beam,
combined with the modulation frequency, passes through an atomic
medium, and the resulting output is detected by a photodetector (PD)
and demodulated using various electronic components [19].

The detected spectrum in FMS is a complex combination of ab-
sorption and dispersion signals [18,20], along with the spectroscopic
properties observed in the detected probe. FMS modulation can be
achieved through the optical carrier’s external or internal modulation,
with electro-optic phase modulators being used in both methods [19–
21]. It can also be achieved by directly modulating the current injected
into a laser diode [22].

In FMS, the modulated electromagnetic field interacts with the
atomic medium within the thermal cell, and the detected intensity
profile reveals the characteristics of the resonance.
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Table 1
Summary provides information on the maximum signal amplitude and slope of the observed zero crossing for each transition.

Atomic Modulation frequency Modulation amplitude I𝑃𝑟𝑜𝑏𝑒/I𝑆𝑎𝑡 I𝑃𝑢𝑚𝑝/I𝑆𝑎𝑡
transition Ampl. (V) Slope (V/MHz)

× 10−4
Ampl. (V) Slope (V/MHz)

× 10−4
Ampl. (V) Slope (V/MHz)

× 10−4
Ampl. (V) Slope (V/MHz)

× 10−4

F = 4 → F′ = 5 0.59 ± 0.03 266.1 ± 0.06 0.58 ± 0.04 184.0 ± 0.06 0.80 ± 0.02 287.01 ± 0.03 0.57 ± 0.01 235.9 ± 0.02
F = 4 → F′ = 5/4 1.42 ± 0.02 368.15 ± 0.07 1.56 ± 0.06 316.2 ± 0.1 1.43 ± 0.01 320.18 ± 0.08 1.45 ± 0.05 468.42 ± 0.04
F = 4 → F′ = 4 0.85 ± 0.04 223.81 ± 0.03 0.82 ± 0.01 140.17 ± 0.01 0.72 ± 0.07 168.67 ± 0.02 0.84 ± 0.02 338.52 ± 0.05
i
b

Fig. 1 shows the design schematic of the FPGA-based programmable
hip feedback system used in FMS. This system directly modulates the
njection voltage to control the ECDL laser, with the FPGA control-
ing the laser by manipulating the position of the frequency-selective
rating inside it. The saturation absorption spectrum modulated with a
inusoidal wave of specific frequency and amplitude is detected by the
D inside the locking box. The modulated signal can subsequently be
mplified and processed using a higher-order low-pass filter for better
esolution. The parameters mentioned above can be tuned using the
UI, which enables systematic optimization of the zero-crossing atomic

ignal.
The feedback system generates a zero crossing signal that reflects

he difference between the set point and the fundamental laser fre-
uency. The PID regulator works to minimize this difference by consid-
ring the error signal’s present, past, and possible future values through
roportional, integral, and derivative terms, respectively. By taking
he derivative of the spectroscopic spectrum, a sharp and linear zero
rossing can be obtained at an atomic resonance position, which serves
s the desired error signal.

To achieve this derivative, Heterodyne Spectroscopy (HDS) is used
y modulating the laser frequency with 𝜔𝑚, which can be considered as

sidebands with ±𝜔𝑚. The laser beam passes through the thermal cell,
and the beam’s intensity (I) is detected using a photo-diode. When the
trim modulation amplitude M𝑚 is sufficiently small, the measured beam
intensity can be expressed as:

𝐼(𝑡) = 𝐼0[1 +𝑀𝑚𝛿 cos(𝜔𝑚𝑡) +𝑀𝑚𝜙 sin(𝜔𝑚𝑡)] (7)

This equation describes the measured intensity of the laser beam
fter passing through a thermal cell in the presence of modulation. The
nmodulated beam intensity is denoted by 𝐼0, and the parameters 𝛿 and
are related to the loss difference encountered by the two sidebands

nd the phase shift difference between the laser frequency and the
idebands, respectively. The frequency of modulation denoted as 𝜔𝑚,
s significantly smaller compared to the spectral width. The values of

and 𝜙 are directly proportional to the first and second derivatives
f dispersion, respectively. Demodulation of the signal is achieved by
ultiplying it with a sinusoidal wave having a frequency of 𝜔𝑚 and a
hase of 𝜃. The intensity measured is expressed as follows:

(𝑡) cos(𝜔𝑚𝑡 + 𝜃) = 𝐼0𝑀𝑚∕2[𝛿 cos(𝜃) − 𝜙 sin(𝜃)+

2∕𝑀𝑚 cos(𝜔𝑚𝑡 + 𝜃) + 𝜃 cos(2𝜔𝑚𝑡 + 𝜃)+

𝜃 sin(2𝜔𝑚𝑡 + 𝜃)]

(8)

The overall spectrum contains three primary parameters that de-
end on 𝜔𝑚. However, these parameters are typically eliminated by a
ow-pass filter in regular practice. By setting 𝜃 to zero, the parameter

can be removed, and the derivative 𝛿 can be obtained and used for
eedback.

.1. Frequency modulation

Our system receives input signals from a saturated absorption spec-
roscopy setup to stabilize the laser. A diagram of the information flow
nside the FPGA can be found in Fig. 1, with more details to follow in
he subsequent sections. The laser emits a beam of 852.35 nm wave-
ength that passes through a Cs vapor cell containing the 133Cs isotope.
6

he saturated absorption spectrum is detected using a PD, as shown
n Fig. 2(d). We calibrated the frequency axis using the separation
etween the F = 4 → F′ = 5 and F = 4 → F′ = 4 transitions, which

we measured to be 251 MHz. The spectrum exhibits four prominent
zero-crossing FM peaks: F = 4 → F′ = 5, F = 4 → F′ = 5/4 (crossover),
F = 4 → F′ = 4, and F = 4 → F′ = 3/4 (crossover), as shown in Fig. 2
(d).

Our laser is locked to the crossover peak between the F = 4 → F′ = 5
and F = 4 → F′ = 4 transitions of the 133Cs-D2 line for our experiments.
However, it is possible to efficiently lock any of the four zero crossings
depending on the experimental requirements. We use a modified GUI
application, based on previous works [23,24], to control the entire laser
locking process and display relevant data on the computer interface,
as shown in Fig. 1. The modulation of the spectrum is accomplished
using a sinusoidal wave generated by an FPGA-based digital function
generator, which is subsequently demodulated by a built-in digital
low-pass filter with a cut-off frequency of 307.1 kHz to eliminate high-
frequency modulated signals. The modulation frequency, amplitude,
and signal slope are systematically adjusted to obtain appropriate
design parameters. The modulation frequency that yields the peak
amplitude and slope is approximately 3.7 ± 0.4 kHz, 3.2 ± 0.4 kHz,
and 2.5 ± 0.4 kHz for F = 4 → F′ = 5, F = 4 → F′ = 5/4, and F = 4 →
F′ = 4, respectively, as shown in Fig. 4(a) and (b). Table 1 summarizes
the maximum amplitude and slope achieved during the experiments. A
lower modulation frequency is not desirable as it limits the bandwidth
of the locking circuit, while a smaller modulation amplitude results
in lower absorption disparity encountered by the sidebands. Technical
constraints, such as the FPGA speed, determine the system’s bandwidth
at high frequencies.

4.2. Amplitude modulation

We conducted experiments to determine the optimal amplitude of
the modulated signal, which we varied for three transitions: F = 4 →
F′ = 5, F = 4 → F′ = 5/4 (crossover), and F = 4 → F′ = 4. We found
that after reaching approximately 700 ± 50 mV, the amplitude and
slope remained almost constant, as shown in Fig. 4(d). We summarized
the maximum slope and amplitude during our experiments in Table 1.
For each transition, the behavior was initially exponential until around
550 ± 50 mV, after which it approached saturation. The corresponding
data is presented in Fig. 4(c) and (d). Therefore, we determined that
the optimized amplitude and slope is around 600 ± 50 mV, which we
used for the rest of the experiments. We fed the optimized zero crossing
signal into the in-built PID controller, which generated a feedback
signal to maintain the lock in a closed-loop fashion.

5. Beam intensity calibration

In this section, we discuss the optimization of beam intensity and
the characterization of the locking technique, with a focus on three
transitions: F = 4 → F′ = 5, F = 4 → F′ = 5/4 (crossover), and F = 4
→ F′ = 4. The primary goal of laser locking is to achieve fast recovery
from disturbances, which depends on the steepness of the zero-crossing
spectrum slope that is modulated by the amplitude. Additionally, the
amplitude is critical for improving the signal-to-noise ratio. However,
the linewidth increases at considerably higher modulation amplitudes.
Therefore, the modulation amplitude should be adjusted based on the

beam’s purpose. To optimize and characterize the locking technique,
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Fig. 5. The figure shows the relationship between the amplitude and slope of the FM spectrum versus pump and probe intensity, which are normalized by the saturation intensity
of the D2 transition of Cs. Panels (a) and (b) depict the variation of probe intensity while keeping the pump power constant at 0.88 ± 0.08 mW, while panels (c) and (d) show
the variation of pump power while keeping the probe power constant at 405 μW. The data is normalized by the saturation intensity of the D2 transition of Cs, which is measured
to be 1.10 ± 0.02 mW/cm2.
we measure the system response as a function of the pump and probe
intensities.

To maximize the slope of the FMS spectrum, we conducted experi-
ments over a range of modulation amplitudes with a fixed modulation
frequency of 3.82 ± 0.04 kHz, as shown in Fig. 5. Each experiment
was repeated five times, and the slope was determined using a linear
fit. All data points were normalized by the saturated intensity of the D2
transition (i.e., I𝑆𝑎𝑡 = 1.10 ± 0.02 mW/cm2), and the pump and probe
beam dimensions were 𝜔𝑥 = 0.91 ± 0.2 mm, 𝜔𝑦 = 1.2 ± 0.4 mm and
𝜔𝑥 = 0.93 ± 0.07 mm, 𝜔𝑦 = 1.20 ± 0.06 mm, respectively. Initially,
we varied the probe power while keeping the pump power constant at
P𝑝𝑢𝑚𝑝 = 0.88 ± 0.8 mW, and measured the peak-to-peak amplitude in
Fig. 5(a) and the slope in Fig. 5(b) of the spectrum for three individual
transitions.

We found that the amplitude and slope increased rapidly and then
decreased sharply as we increased the probe power. For the F = 4
→ F′ = 5 transition, the amplitude and slope peaked at ∼ 40I/I𝑆𝑎𝑡,
represented by black square data points. For the F = 4 → F′ = 5/4
crossover transition, the maximum value was obtained at ∼ 20I/I𝑆𝑎𝑡,
indicated by red circle data points. Similarly, for the F = 4 → F′ = 4
transition, the peak occurred around ∼ 18I/I𝑆𝑎𝑡, represented by blue
triangular data points.

In addition, we performed experiments where we kept the probe
power fixed at P𝑝𝑢𝑚𝑝 = 0.40 ± 0.05 mW and varied the pump power
amplitude. The results are shown in Fig. 5(c) and (d). For the F = 4 →
F′ = 5 transitions, we observed that the amplitude and slope initially
increased and then saturated at ∼ 30I/I𝑆𝑎𝑡, as denoted by black square
data points. For the F = 4 → F′ = 5/4 crossover transition, the maximum
value was obtained at ∼ 20I/I𝑆𝑎𝑡, as denoted by red circle data points.
Similarly, for the F = 4 → F′ = 4 transition, the amplitude peaked at ∼
18I/I𝑆𝑎𝑡, as denoted by blue triangular data points. We fitted the data
points with an exponential function to identify the maximum amplitude
and slope and summarized the results for each transition in Table 1.
7

Gaussian profiles were used to fit all the data points in Fig. 5(a) and
(b) to determine their nature.

6. Locking to cesium atomic transitions

To assess the stability of our system using FM spectroscopy, we
locked the laser onto an FMS peak corresponding to the F = 4 → F′ =
5/4 (crossover) transition of the D2 line of Cs. We then took long-term
frequency fluctuation measurements, as shown in Fig. 6, and estimated
the power spectral density (PSD) of the free-running and locked laser,
as shown in Fig. 6(b). The laser output was monitored at a 10 ms
repetition rate using a wavelength meter (highfinesse, WS-08-2).

To determine the frequency fluctuations of the laser before and
after locking, we sent the light from one laser to a photodetector
and recorded the signal using a signal analyzer. We observed that
the frequency fluctuations were significantly reduced after locking.
After measuring the long-term stability, we measured the frequency
fluctuations using a wavelength meter (with an uncertainty of ± 2 MHz)
and found that the frequency fluctuation of the laser was less than
4 MHz (peak-to-peak value) in Fig. 6(b), which is smaller than the
natural linewidth of the D2 line of Cs, which is 5.234(13) MHz [25,26].
Fig. 6(c) also shows that the frequency fluctuations were significantly
reduced after locking.

However, it is important to note that the limitations of the wave-
length meter may make it impossible to measure frequency fluctuations
less than 4 MHz. Therefore, we strongly believe that the actual value of
the frequency fluctuations after laser locking must be less than 1 MHz.

7. Conclusion

In summary, we have successfully developed a low-cost and versa-
tile laser frequency stabilization system using direct frequency mod-
ulation on an FPGA-based platform. The system has been validated
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Fig. 6. Figure (a) illustrates the frequency fluctuation of the laser over a period of 6 h, both before and after laser locking. In Figure (b), the standard deviation of frequency
fluctuation after locking is shown, estimated to be 0.64 ± 0.03 MHz. Figure (c) shows the power spectral density of the frequency fluctuations of the laser, with the unlocked
state represented by the black line and the locked state represented by the red line.
Table 2
The table summarizes the total price estimation involved in the project. Each row
represents a specific item or expense.

Price list

Item Remarks Price in USD

Power supply Local source 15
Red Pitaya Ref. [27] 340
Chip - OP027 Local source 2
Chip - LT6090 Local source 25
Electric cable Local source 2
3D Printed Casing Home-built 5
Miscellaneous Other components 10 (approx.)

Total 399

using three different methods and has demonstrated exceptional lock
stability for more than 6 h, with a frequency standard deviation of
less than 700 kHz at 852.35 nm. The system is easy to use and can
be applied in various experimental setups, including signal and PSD
measurements for spectroscopy optimization. Moreover, the production
cost of a single unit is less than $500 as described in 2, making it an
affordable alternative to conventional systems.

In future work, we plan to explore using different OP-AMPs to
generate more scan ranges and incorporate other techniques like Mod-
ulation transfer spectroscopy [28,29] and offset locking scheme to
enhance the stability further. We also suggest using the beat note
technique [30] for accurately estimating the laser’s linewidth. Further-
more, we recognize the importance of an ultra-stable power supply in
achieving precise and consistent results. In recent research, molecules
have been cooled directly using stable cavities, as demonstrated in
studies such as [31–33]. The Pound–Drever–Hall technique has played
a pivotal role in achieving this cooling process [34]. It’s worth noting
that our technique holds promise for potential applications in molecular
8

spectroscopy as demonstrated in the work conducted by researchers in
the Ref. [35].
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