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Abstract: With the introduction of advanced Fiber Bragg Grating (FBG) technology, Fabry–Pérot (FP)
interferometers have become widely used in fiber-optic ultrasound detection. In these applications,
the slope of the reflectance is a critical factor influencing detection results. Due to the intensity
limitations of the laser source in fiber-optic ultrasound detection, the reflectance of the FBG is
generally increased to enhance the signal-to-noise ratio (SNR). However, increasing reflectance can
cause the reflectance curve to deviate from a sinusoidal shape, which in turn affects the slope of the
reflectance and introduces greater errors. This paper first investigates the relationship between the
transmission curve of the FP interferometer and reflectance, with a focus on the errors introduced
by simplified assumptions. Further research shows that in sensors with asymmetric reflectance
slopes, their transmittance curves deviate significantly from sinusoidal signals. This discrepancy
highlights the importance of achieving symmetrical slopes to ensure consistent and accurate detection.
To address this issue, this paper proposes an innovative method to adjust the rear-end reflectance
of the FP interferometer by combining stress modulation, UV adhesive, and a high-reflectivity
metal disk. Additionally, by adjusting the rear-end reflectance to ensure that the transmittance
curve approximates a sinusoidal signal, the symmetry of the slope is maintained. Finally, through
practical ultrasound testing, by adjusting the incident wavelength to the positions of slope extrema
(or zero) at equal intervals, the expected ultrasound signals at extrema (or zero) can be detected.
This method converts the problem of approximating a sinusoidal signal into a problem of the slope
adjustment of the transmittance curve, making it easier and more direct to determine its impact on
detection results. The proposed method not only improves the performance of fiber-optic ultrasound
sensors but also reduces costs, paving the way for broader applications in medical diagnostics and
structural health monitoring.

Keywords: Fabry–Pérot (FP); fiber Bragg grating; (FPI); fiber-optic ultrasound sensors; reflectance matching

1. Introduction

Fabry–Perot interferometers (FPIs) are highly regarded for their exceptional sensitivity
and precision, which form the backbone of numerous applications across both scientific and
industrial domains. Their versatility is particularly evident in telecommunications, where
FPIs play a crucial role in enhancing signal processing and data transmission over vast net-
works. By employing tunable optical filters, these devices facilitate dense channel analysis
and effectively suppress optical noise, contributing significantly to the efficiency and relia-
bility of modern communication systems [1,2]. This capability has become indispensable
in the deployment of large-scale communication infrastructures, driving advancements
in the telecommunications industry. In the realm of environmental monitoring, the acute
sensitivity of FPIs to optical path variations allows for the precise detection of trace gasses
and pollutants, which is critical for environmental protection and pollution control. When
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integrated with Doppler technology, FPIs can provide wind field data over distances
exceeding 100 km, which is vital for climate research and pollution management [3–6].
This application not only enhances our understanding of atmospheric dynamics but also
supports sustainable environmental practices.

Moreover, the integration of FPIs with fiber Bragg grating (FBG) technology has led to
significant advancements in fiber-optic sensing. By leveraging the stable optical properties
within fiber-optics, FPIs enable highly accurate ultrasonic wave detection, thus expand-
ing possibilities in both biomedical and environmental sensing applications [7,8]. These
developments have not only improved sensor performance but have also opened up new
avenues for high-precision measurements in various fields. Recent innovations include
the development of high-sensitivity temperature sensors within FP cavities filled with
ultraviolet glue, designed specifically for applications such as real-time ocean temperature
monitoring [9–11]. Through continuous efforts, researchers have significantly improved
the adaptability and precision of FPIs to maintain high accuracy and reliability in complex
and demanding environments. For example, Wang et al. extended fiber-optic FPI tech-
nology to Raman lidar for atmospheric water vapor measurements [12,13]. Additionally,
Karim et al. expanded the application of modified Phase-Generated Carrier (PGC) demod-
ulation in the field of ultrasound detection [14]. Significant advancements have also been
made in fiber-optic FPI temperature measurement techniques [15–17].

FBGs are typically produced through an ultraviolet (UV) light etching process, which
causes periodic changes in the fiber’s refractive index—essential for the reflective properties
required by FP interferometers [15–17]. Increasing the reflectance causes the transmittance
curve to gradually deviate from a sinusoidal shape. Although previous studies have shown
that when the reflectance is within 26%, this deviation does not significantly impact the
results [18], such findings are limited to specific applications. If the reflectivities of the
two surfaces of the FPI are not properly selected, it may distort the slope of the reflectance
spectrum. Such distortion can result in significant errors in the interferometer’s response
to ultrasound signals, thereby reducing the effectiveness of the detection system [16,18].
Therefore, a key challenge in optimizing FP interferometers for ultrasonic detection is
ensuring that the reflectivities of the FBGs are precisely matched. This requires not only
advanced manufacturing techniques but also rigorous testing and calibration. This paper
takes a more general approach to FP fiber-optic systems, using the symmetry of the slope
of the reflection spectrum as a metric to study the response to ultrasound signals.

This paper explores the fundamental principles of reflectivity in FP interferometers,
focusing on how the reflectivity at both the front and back ends impacts the transmission
rate and slope. We propose a novel method to adjust the rear reflectivity, which involves
embedding a gold disk with UV adhesive at the fiber’s rear. By manipulating the stress
applied, the angle between the fiber rear face and the gold disk is adjusted, altering the
reflectivity accordingly. Experimental results validate the feasibility and effectiveness of
this approach. The implications of this research extend the functionality of fiber-optic
ultrasonic sensors and, due to its cost-efficiency, broaden their potential applications in
fields such as medical diagnostics, structural health monitoring, and non-destructive testing.
This paper is structured as follows: Section 2 introduces the reflectance curves and slopes of
Fabry–Pérot (FP) interferometers. Section 3 details the method of adjusting the reflectivity
at the rear end to develop the FP sensor. Section 4 validates the results of ultrasound
detection using the fabricated fiber-optic FP sensor. Finally, Section 5 provides a summary
and discussion.

2. Reflectance Curves and Slopes of Fabry–Perot Interferometers

The transmission curve and its slope in FP interferometers are crucial for their per-
formance in various detection applications and analytical tasks. At the core of an FP
interferometer are two parallel, highly reflective surfaces. When light enters the interferom-
eter, it undergoes multiple reflections between these surfaces. These repeated reflections
cause the light beams to overlap, leading to constructive or destructive interference based



Photonics 2024, 11, 1100 3 of 11

on several factors: the wavelength of the light, the angle at which the light enters the
interferometer, and the separation between the mirrors, commonly referred to as the cavity
length. To provide a clear and intuitive understanding of the transmission characteristics,
we can examine a typical FP etalon used in Doppler lidar systems. An FP etalon gener-
ally consists of two parallel plates, which are usually made of materials such as glass or
quartz. This configuration can also be adapted to feature two mirrors that serve as the
reflective surfaces within an FP interferometer. Specifically, in the context of an etalon, the
two parallel reflective surfaces are crucial components.

When a plane wave, represented as U0, strikes the etalon, it undergoes a series of
reflections and transmissions between these reflective surfaces. As depicted in Figure 1,
the angle of incidence of U0 is denoted by δ. The amplitude of the transmitted beam after
these interactions can then be calculated, providing insights into the behavior of the system
under specific conditions [19–21]. Assume the reflectivity of the front surface is R1, the
reflectivity of the rear surface is R2, the refractive index between the two interfaces is n,
and the thickness is h, the angle of incidence is denoted as θ. To visually represent the
transmission curve and emphasize the importance of the reflective surfaces within the
FP interferometer, this paper starts with the incident light and derives the formula for
transmittance as follows [19]:

U′
0 = U0(1 − R1)(1 − R2) (1)

U′
1 = U0(1 − R1)(1 − R2)R1R2eiδ (2)

U′
2 = U0(1 − R1)(1 − R2)R2

1R2
2 e2iδ (3)

U′
3 = U0(1 − R1)(1 − R2)R3

1R3
2 e3iδ (4)

where δ = 4πnhcosθ
λ , and the total amplitude of the transmitted beam is

T = U′U′∗
U0U∗

0

= (1−R1)
2(1−R2)

2

(1−R1R2)
2+4R1R2sin2( δ

2 )

(5)
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Figure 1. The schematic diagram of the FP transmittance curve.

Assuming that the reflectivity is low, and the amplitude reflectance of the two faces
of the etalon are equal, that is, R1 = R2, the intensity reflectance of each face is as follows:
R = Ri2. In most current FBG applications, for the sake of computational simplicity, we
typically assume that the reflectivity is very low and that the reflectivity of the two surfaces
is identical. In this case, (1 − Ri)2 is simplified to (1 − Ri2). In most applications, this
simplification is reasonable and does not significantly affect the measurement results.
However, in certain precise measurements, such as ultrasonic detection, this simplification
can introduce errors. In practical applications, to enhance the detection signal without
increasing the demand for higher incident laser power, people can increase the reflectivity
of the sensor. However, while this increases the signal strength, it can also affect the
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quality of the signal. Thus, it is crucial to understand how the relative error changes with
reflectivity, as illustrated in Figure 2, which depicts the variation of errors in (1 − Ri)2 and
(1 − Ri2) with respect to reflectivity.
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As shown in Figure 2, the difference between the expected reflectivity and the mea-
sured reflectivity increases as reflectivity rises, reaching a peak at 50%, and then decreases
as reflectivity continues to increase. This observed error trend must be considered in
practical applications. Fortunately, in most applications, where reflectivity is less than 5%,
the relative error, given by 1 − 0.052 − (1 − 0.05)2 = 0.095, is negligible and can be ignored.
In practical applications, understanding the transmission curve of the FP interferometer
allows us to determine whether the errors are within an acceptable range for detection
when the FP is used as a filter, frequency discriminator, etc. [20].

In the field of fiber-optic ultrasonic detection, improving sensitivity is a key objective.
To this end, the Han group pioneered a coiled fiber configuration that significantly enhances
the signal-to-noise ratio (SNR) [14,22]. This innovative setup requires the use of longer
FP cavity lengths, which reduce the full width at half maximum (FWHM) and necessitate
highly stable laser wavelengths for optimal performance. The most common approach
involves laser frequency stabilization; however, this method is typically expensive, limiting
its application range. To address this, Han and colleagues developed additional strategies
to mitigate the impact of laser wavelength drift, ensuring that ultrasonic detection remains
stable and reliable even as laser wavelengths fluctuate with environmental changes [14,22].
These strategies are based on the assumption that (1 − Ri)2 = (1 − Ri2). However, as shown
in Figure 2, these assumptions may introduce a certain degree of error. The response
in ultrasound detection is not only related to Figure 2 but also relies on a fundamental
assumption that the transmittance curve is sinusoidal [14,18]. While it is generally assumed
that lower reflectance is better, there is no specific metric to evaluate the extent of error
caused by deviations in the reflectance curve. Therefore, this paper uses the slope of the
reflectance to visually represent the error and further investigates how the slope affects the
detection results.

To minimize the impact of this error, this paper conducts an in-depth study of the
principles behind FBG ultrasound detection. When ultrasound waves pass through the
FBG sensor, they cause slight changes in the refractive index, resulting in a phase shift
(or a change in the relative position of the laser wavelength to the transmission curve).
The detection sensitivity is directly related to the slope; the steeper the slope, the higher
the sensitivity. The actual detected signal is the product of the reflectance curve and the
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reflected light intensity. For simplification, this discussion initially considers only the
intensity changes caused by slope variations.

However, with changes in reflectance, the assumption of a sinusoidal shape for the
transmittance curve may no longer hold. As shown in Figure 3, variations in reflectance
can lead to significant deviations of the transmittance curve from a sinusoidal shape,
thereby affecting the accuracy and reliability of the detection process. In Figure 3a, when
R1 = R2 = 1%, the reflectance curve is nearly sinusoidal, and its slope is almost symmetrical.
However, when the reflectance increases to 30%, it is evident that the reflectance curve is
no longer sinusoidal, and its slope is no longer symmetrical. As the reflectance continues
to rise, the asymmetry of the slope and the deviation of the transmittance curve from the
sinusoidal shape become more pronounced. It is important to note that in Figure 3, for
ease of comparison of slopes at different reflectance levels, each transmittance curve and
its corresponding slope have been normalized by dividing by their respective maximum
values. This normalization allows for a clearer comparison of how the shape and steepness
of the curves change with varying levels of reflectance. Since the slope of the reflectance
more directly impacts the detection signal, we will subsequently focus on the slope of the
transmittance curve.
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When R1 and R2 are not equal, the slope of the reflectivity curve increases with the
difference between the reflectivities. As shown in Figure 3b, we fixed R1 = 10% while
varying R2. When R1 has a reflectivity of 10%, the optimal reflectivity of R2 is determined
by the application scenario. In general applications, choosing R2 with a reflectivity of 10%
is preferable. However, when considering the introduction of an additional light path or
phase-modulated incident light to mitigate wavelength drift, as in the phase-generated
carrier demodulation scheme in [18], it is necessary to assume that the reflectivity curve
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is sinusoidal, with a symmetric slope. If R2 is set to 10%, the reflectivity curve may
deviate from the sinusoidal shape, and the asymmetry of the slope can clearly indicate the
extent of deviation. By comparing the slope curves in Figure 3b, we can see that choosing
R2 at 1% is more suitable in this context. The figure demonstrates that when R2 = 1%,
the reflectivity slope is most symmetric. However, as R2 increases, the slope becomes
increasingly asymmetric. It is important to note that in Figure 3a, where R1 = R2, all
the reflectivity curves reach the minimum of zero. However, as illustrated in Figure 3b,
the reflectivity curve only reaches zero when both R1 and R2 are set to 10%; in all other
cases, it does not. This characteristic is particularly advantageous for certain practical
applications, such as when the backend detection component includes an envelope detector.
Since it requires a specific operating threshold, it is preferable that the reflectivity does not
drop to zero.

Based on the above analysis, it is clear that in ultrasound detection applications using
FP sensors, such as those employing enhanced phase-generated carrier demodulation
techniques [14], it is essential to assume that the reflectance curve is sinusoidal, with
the transmittance slope being approximately linear and symmetrical. Satisfying this as-
sumption is crucial to ensuring that one laser wavelength is positioned at the midpoint
of the slope while another wavelength is at the peak or trough, regardless of frequency
(phase) shifts. Symmetrical slopes are the foundation for maintaining the accuracy of
this setup. However, as shown in Figure 3, deviations from these ideal conditions often
occur. Variations in reflectance between the front and rear surfaces of the sensor can lead to
changes in the transmittance curve and its slope. Specifically, as illustrated in Figure 3a,
lower reflectance tends to result in more symmetrical slopes. However, achieving lower
reflectance requires the use of higher laser energy. Figure 3b further demonstrates that the
mismatch in reflectivity between the front and rear reflective surfaces of the FP (due to
different reflectivities) results in distinct overall reflection curves and slopes.

3. Angle Adjustment of End-Face Reflectivity Based on UV Glue and Gold Disk

The results discussed in the previous section require the transmittance curve to have
symmetrical slopes. According to the findings in Figure 3, this necessitates precise matching
of the reflectance between the front and rear surfaces of the FP sensor. If only R1 uses
the FPI, modifying R2 from an FPI to a gold disk can be used to adjust the reflectivity of
R2. This is achieved by altering the angle of R2 (gold disk) to control the proportion of
light reflected into the fiber, thereby adjusting R2’s reflectivity. The reflectivity curves at
different R2 settings are illustrated by the solid line in Figure 3b. Note that the final angle
should be determined based on real-time monitoring of the reflectivity curve. Adjusting
the reflectance of the FPI typically involves techniques such as XCL UV etching. However,
as the demand for higher precision increases, so does the cost [20]. To accurately control
reflectance while reducing manufacturing costs, we introduce an innovative method. Ini-
tially, the front FPI is created using XCL UV etching to establish R1. Then, depending on
specific detection requirements, the reflectance R2 is adjusted at a specific length behind R1
to meet these requirements. This is achieved by fixing a gold disk (or other high-reflectivity
material) at the fiber end with UV adhesive and adjusting the angle between the gold disk
and the fiber end before UV curing. The detailed manufacturing process is as follows:

(1) Initial FPI creation: Using XCL UV etching, a front FPI is fabricated with the desired
reflectivity R1. The fiber is positioned within the XCL optical path, and by carefully
controlling the power and exposure time of the XCL laser, the reflectivity R1 can
be precisely adjusted. It is important to note that the outcomes of this process can
vary depending on the specific XCL optical setup and the material properties of the
fiber. Therefore, after laser etching, it is essential to accurately measure and record
the reflectivity of the FPI. This ensures that the fabricated FPI meets the required
specifications and allows for any necessary adjustments in subsequent manufacturing
steps [17].
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(2) The preparation of the end side of fiber: Based on the specific requirements of
the sensor, the fiber end face is carefully polished at a precise location behind R1.
This ensures a smooth and flat surface that is essential for achieving the desired
reflectivity. The fiber is then securely positioned on a three-dimensional translation
stage using a fiber holder. This setup allows for precise alignment and positioning
of the fiber end face, which is critical for the subsequent attachment of the reflective
material. The accurate positioning ensures that the final reflectivity meets the specific
sensor requirements, thereby optimizing the sensor’s overall performance.

(3) Alignment: Place the gold disk on a three-dimensional moving platform and align the
fiber using electron microscopy to ensure precise and gentle contact with the gold disk.
The gold disk (reflector) needs to be larger than the fiber diameter but not excessively
so to prevent detachment. As a compromise, we selected a reflector with a diameter
of 600 µm.

(4) Reflectivity adjustment: Apply 0.5 mL of UV glue to the center of the gold disk using
a syringe or micropump, then adjust the stress to modify the fiber’s angle relative to
the disk. Continuously monitor the transmission rate curve and fine-tune the stress
(angle) to achieve the desired specifications. The adjustment range of the gold disk
(reflector) is theoretically from 0 to the reflectivity of the gold disk (~90%), which fully
meets our required range of adjustment.

(5) UV curing: solidify the configuration using a UV lamp to permanently set the angle
between the fiber and the gold disk [16].

The results demonstrate that by continuously adjusting the angle, the sensor’s slope
can be effectively fine-tuned. When the slope becomes symmetrical, the reflectance curve
closely approximates a sinusoidal signal, making it suitable for subsequent ultrasound
detection. Figure 4a,b present the experimentally measured reflectance values and their
corresponding slopes. In Figure 4a (highlighted in orange), the slope exhibits asymmetry, in-
dicating that the reflectance curve can no longer be approximated as sinusoidal. In contrast,
the slope (orange) in Figure 4b shows a high degree of symmetry, and the reflectance curve
can be considered approximately sinusoidal. At this point, the FP sensor with symmetrical
slopes can be used for ultrasound detection, which is applicable in phase-generated carrier
(PGC) demodulation systems [14] or other FP-based detection applications that require a
transmittance curve approximating a sinusoidal shape [23].
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Using a high-reflectivity metal disk at the back end can significantly expand the usable
wavelength range of the fiber-optic FP sensor. When the transmittance of both the front
FPI and the back-end FPI varies with wavelength, the range of incident laser wavelengths
that meet detection requirements is greatly reduced. However, in the method proposed
in this paper, the back-end reflectance can be approximately considered independent of
wavelength, meaning only the front-end FPI varies with wavelength. This approach can
significantly expand the working range of laser wavelengths. In the experiment, we used
a piezoelectric transducer to precisely adjust the incident laser wavelength. We observed
that since the reflectance of the front FPI varies with wavelength, this corresponds to R2
being fixed while R1 varies with wavelength, as shown in Figure 4. Figure 4a,b illustrate
the changes in reflectance and its slope with varying laser wavelengths.

4. Results

To evaluate the actual performance of the FP ultrasound sensor, an FP ultrasound
sensing system was set up as shown in Figure 5a. Both the fiber-optic FP sensor and the
piezoelectric transducer were mounted on an aluminum plate, 25 cm apart. We utilized
a Chirped Fiber Bragg Grating (CFBG) [17] to extend the operating wavelength of the
first reflective surface to 1550 ± 5 nm. This system is designed to detect ultrasound
waves generated by a piezoelectric transducer driven by a waveform generator, using the
aforementioned fiber-optic FP sensor. The laser beam from the laser source is connected to
port 1 of the circulator, with port 2 connected to the FP ultrasound sensor. The collected
signal is then amplified by 40 dB using a photodetector (NEWPORT 1811-FC) connected
to port 3 of the circulator, followed by a low-pass filter (500 kHz), and then fed into an
oscilloscope (OSC, RIGOL DS1104B) or data acquisition card (DAQ). The fiber-optic FP
sensor has a length of 38.97 cm and is coiled between R1 and R2 to form a disk with an
inner diameter of approximately 6 mm and an outer diameter of approximately 8 mm [18].
The FP sensor is then fixed onto the aluminum plate using glue. The waveform generator
produces a 150 kHz, 5 V peak-to-peak, five-cycle burst sinusoidal signal with a repetition
rate of 40 Hz to drive the piezoelectric transducer and generate ultrasound waves.

The results demonstrate that sensors with good slope symmetry achieve the expected
experimental outcomes. Figure 4a,b show the actual measured reflectance values and
their corresponding slopes. It is evident that the slope in Figure 4a (indicated in orange)
exhibits asymmetry, while the slope in Figure 4b shows a high degree of symmetry. For
wphen the incident wavelength is adjusted to positions a, b, c, and d in Figure 4b, the
corresponding results are shown in Figure 5b–e. When the laser wavelength is at the
minimum value (position a), the detected signal strength is at a maximum. Similarly, when
the laser wavelength is at the maximum value (position c), the detected signal strength
is also at a maximum. When the laser wavelength is at points where the slope is zero
(positions b and d), the ultrasound signal is zero. These experimental results exhibit strong
symmetry. The four laser wavelengths in Figure 4b are equally spaced, with the slope
exhibiting odd symmetry at points b and d, and even symmetry at points a and c. However,
when using the sensor shown in Figure 4a, the intervals between the maxima and minima
lack any symmetry.
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Figure 5. Angle symmetry testing setup and results for the ultrasound sensor: (a) ultrasound detection
setup (the structure diagram of the FP sensor is shown within the black dashed line), (b−e) show the
ultrasound detection results when the laser wavelength is adjusted to operating points a, b, c, and d
in Figure 4b, respectively.

5. Conclusions and Discussion

This paper investigates the relationship between the transmission curve of the FP
interferometer and reflectance, identifying potential errors introduced by simplified as-
sumptions. It further examines the effects of asymmetrical slopes when the assumption of a
sinusoidal transmittance curve is not met, which can significantly influence detection accu-
racy. To address this issue and achieve symmetrical slopes in the transmittance curve, this
study proposes an innovative method for adjusting the back-end reflectance of the FP inter-
ferometer. This is accomplished through a combination of stress modulation, UV adhesive,
and a high-reflectivity metal disk (gold disk). The effectiveness of the proposed method
was validated through practical ultrasound detection experiments, which demonstrated
improved symmetry in the detection results. This research offers a more cost-effective
detection approach, potentially expanding the applicability of this technology. The results
indicate that the detected signal strength reaches its maximum when the laser wavelength is
at the slope’s minimum (position a) and maximum (position c), while the ultrasound signal
is zero at points where the slope of the transmittance curve is zero (positions b and d).

This paper comprehensively investigates the relationship between reflectance, trans-
mittance, and the slope of the FP transmission curve, and introduces a cost-effective method
for adjusting the end-face reflectance by modifying the angle between the fiber end face
and a metal disk. Although a metal (gold) disk was used in this study, other similar re-
flective materials could potentially yield comparable results. The back-end reflectance is
not wavelength-selective, which significantly broadens the usable wavelength range of
the laser. The next step is to apply this FP sensor with the symmetric slope to practical
scenarios where environmental interference can be mitigated (e.g., using a PGC scheme
with an electro-optic modulator (EOM) or a dual-path approach with an acousto-optic mod-
ulator (AOM)) and to further compare its SNR performance. Future work could explore
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fixing the angle between the metal disk and the fiber end face, and utilizing a CO2 laser
or femtosecond laser to etch the fiber to achieve the desired reflectance. This approach
offers an additional means for fine-tuning reflectance, further enhancing the flexibility and
applicability of sensor technology. The degree to which the reflectivity–transmittance curve
deviates from a sinusoidal shape is often difficult to assess intuitively. However, in this
paper, we propose using the slope of the reflectivity as a more intuitive metric to evaluate
the extent of this deviation. This method can also serve as an indicator for evaluating how
much the FP transmittance curve deviates from a sinusoidal shape in subsequent analyses.
While this method was initially developed to adjust reflectance based on slope symmetry, it
is equally applicable to general fiber-optic FP sensors without symmetry requirements [23],
offering the potential to substantially reduce manufacturing costs while expanding the
operating wavelength range.
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