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Abstract—Airborne ultrasound is increasingly recognized as a
crucial technology for short-range sonar applications in vehicles
and drones, as well as for the development of haptic devices,
noncontact manipulation of small objects, medical imaging, and
material evaluation. This paper presents a novel approach using
a fiber-based Sagnac interferometer to detect acoustically induced
modulations of the air’s refractive index with a minimal setup. This
method offers immunity to low-frequency thermal fluctuations
and vibratory disturbances while circumventing the complexities
and expenses associated with optical components. By eliminating
mechanical moving parts, the system benefits from enhanced ro-
bustness and operates without the need for recalibration. Initially, a
theoretical analysis of the operating principle is provided, followed
by experimental validation, which demonstrates the capability to
measure ultrasound frequencies ranging from 26.4 to 96.1 kHz
using fiber delay coils spanning 100 to 1000 m. Techniques for
assessing sound pressure levels are also discussed. Furthermore,
the integration of an electro-optic modulator into the system is
discussed, highlighting its significant contributions to improving
the system’s responsivity, linear dynamic range, and stability.

Index Terms—Airborne, refractive index, Sagnac interfero-
meter, ultrasound.

I. INTRODUCTION

A IRBORNE ultrasound is an essential technology for prox-
imity sensing of vehicles and drones [1]. At the same

time, high-intensity airborne ultrasound is attracting attention
as a method for haptic devices [2], noncontact manipulation
of small objects [3], medical imaging [4], as well as structural
health monitoring (SHM), and non-destructive testing (NDT)
in civil and mechanical structures [5]. Traditional methods of
using microphones for airborne ultrasound measurements have
several shortcomings, primarily stemming from their membrane
structure. These issues encompass limited frequency response
due to mechanical resonance, susceptibility to electromagnetic
signal interference, nonlinearities under high sound pressure,
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the need for frequent calibration, and high costs associated with
large-area multi-channel measurements.

Quantitative instrumentation of ultrasonic sound pressure is
emerging as the key technology for developing novel airborne
ultrasonic methods. Numerous optical ultrasonic sensors, known
for their high sensitivity and wide frequency response, have been
extensively developed for ultrasound detection and imaging.
Additionally, owing to their distributed sensing potential, a wide
range of sensing materials, and high flexibility in bending, they
are widely employed in non-contact ultrasound detection, prov-
ing particularly attractive in scenarios involving high tempera-
tures and intricate contours where traditional detection methods
face challenges. [6]

The primary directions in optical ultrasonic sensors include
optical resonant cavity acoustic sensors, fiber Bragg grat-
ing (FBG) acoustic sensors, and optical fiber interferometric
acoustic sensors. Optical resonant cavity acoustic sensors have
garnered significant attention due to their exceptionally high
sensitivity and array potential [7], [8]. In 2023, YANG et al.
successfully fabricated a microdisk resonant cavity sensor with
a peak sensitivity of 1.18 μPa Hz−1/2 at 82.6 kHz [9].

FBG acoustic sensors offer shorter measurement lengths, su-
perior spectral characteristics, and greater ease of multiplexing
compared to optical fiber interferometric sensors. However, they
exhibit lower sensitivity and shifts in the spectrum of the sensing
FBG due to large variations in quasi-static measurands can lead
to changes in the sensitivity of the detection system. Research on
FBG acoustic sensors for ultrasonic measurements began with
Webb et al. in 1996 [10]. Subsequently, various system config-
urations of FBG acoustic sensors have been proposed for ultra-
sonic detection [11], [12] and photoacoustic imaging [13], [14].

Optical fiber interferometric acoustic sensors are based on var-
ious interference principles: Michelson interferometer, Mach-
Zehnder interferometer, Fabry-Perot interferometer, Sagnac
interferometer, as well as polarization interferometer, and mode
interferometer. Compared to optical resonant cavity acoustic
sensors, optical fiber interferometric acoustic sensors have lower
manufacturing complexity and costs. In contrast to FBG acoustic
sensors, optical fiber interferometric acoustic sensors exhibit
higher sensitivity. Furthermore, compared to the other two types
of acoustic sensors, optical fiber interferometric acoustic sensors
also offer advantages in terms of system and device consistency,
enhanced signal-to-noise ratio, and calibration reliability [15].
In 1977, Bucaro et al. first reported the use of a fiber-optic
Mach-Zehnder interferometer for acoustic wave detection
[16]. Subsequently, fiber-optic Mach-Zehnder interferometers
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[17], [18], [19] and other configurations such as Michelson
interferometers [20], [21], [22], Sagnac interferometers [23],
[24], [25], [26], [27], [28], [29], Fabry-Perot interferometers
(FPI) [30], [31], [32], [33], [34] and polarization interferometers
[35] have also been developed for ultrasonic detection.

Several studies have explored the detection of sound or ul-
trasound using fiber-optic interferometers [36], [37], [38], [21],
where the vibration of the fiber or diaphragm translates sound
pressure into variations in optical path length. However, relying
on mechanical vibrations limits the frequency response due
to the mechanical resonance. To circumvent the limitations
posed by mechanical components, alternative strategies have
been developed. Among these, the employment of a fiber-optic
probe based on reflectivity changes [36], [39], [40] has shown
promise. On the other hand, interferometric techniques that
measure the modulation of air’s refractive index caused by sound
pressure have attracted attention from various groups [41], [42],
[43] because of their superior sensitivity over the fiber-optic
reflectivity approach. Nonetheless, these interferometric sys-
tems often grapple with sensitivity to external perturbations
such as vibration, alongside their complexity and high cost. In
contrast, the Sagnac interferometer presents clear advantages
over these methods. As a path-matching device, it exhibits
immunity to low-frequency thermal fluctuations and vibration
disturbances.

In this work, we introduce a fiber-based Sagnac interferometer
modified by substituting one side of the Sagnac fiber loop with
an air gap. This modification permits light to travel through the
air for a certain distance, enabling the detection of acoustically
induced refractive index modulation of air. Building upon our
preliminary findings shared at a conference [44], this study
introduces enhancements to the experimental setup, including
the use of a fiber circulator to improve component immunity
to disturbances and ensure the symmetry of the Sagnac coil. To
further advance system performance, an electro-optic modulator
(EOM) is incorporated to generate a high-frequency carrier,
establishing stable orthogonal phase bias working points. This
configuration not only ensures high responsivity, and a wide
linear dynamic range but also enhances system stability by
shifting the sensor signal to a higher frequency spectrum, thereby
simplifying signal processing and amplification. Our approach
effectively eliminates the necessity for mechanical movements,
heralding a new era of broader frequency range detection with
calibration-free features.

II. ULTRASOUND DETECTION VIA AIR REFRACTIVE INDEX

MODULATION: PRINCIPLES

A. Sound Pressure-Induced Refractive Index Changes of Air

First, let us summarize the relationship between the sound
pressure and the resultant change in the refractive index of the
air [45], [46]. We assume that the change rate of the volume of
air ΔV/V is equal to that of the optical refractive index of the
air Δn/(na − 1) :

ΔV

V
= − Δn

na − 1
. (1)

Fig. 1. Sound pressure detection using fiber-optic Sagnac interferometer with
the air gap. OSC, oscilloscope; BPF, bandpass filter; SA, signal amplifier;
PD, photodetector; ASE, amplified spontaneous emission; EOM, electro-optic
modulator, FG, function generator; HSA, high-speed amplifier.

The adiabatic condition can be applied to ultrasonic waves,
and

PV γ = (P + p) (V +ΔV )γ = const., (2)

where p and P represent the sound pressure and atmospheric
pressure, respectively. γ is the ratio of the specific heat of air
(= 1.4), and ρ is the density of air. Under the condition that the
acoustic changes are much smaller than the static volume and
pressure, we have

ΔV

V
= − p

γP
. (3)

The sound speed of air is given as

c =

√
γP

ρ
. (4)

From (1)–(4), the variation in the refractive index is given as
a function of the sound pressure:

Δn =
na − 1

c2ρ
p = 1.93× 10−9p = αp. (5)

Here, α (= 1.93× 10−9Pa−1) is the sensitivity constant.

B. System Configuration Overview

A basic fiber-optic Sagnac interferometer shown in Fig. 1 is
used in this study. A series of fiber coils made of a standard
single-mode fiber (length of 100 m, 200 m, 1000 m, compatible
with SMF-28) are combined to the length of 100 to 700 m
(interval 100 m), 1000 m, 1300 m, and then connected to a
light source and a photodetector. An amplified spontaneous
emission (ASE) light source (ASE-FL7004, 1530-1610 nm,
FIBERLABS) and an integrated photo receiver (2053-FC-M,
NEWPORT) were used in the experiments. The ASE light source
and optical receiver are connected to the same port of the 2x2
fiber coupler (TW1550R5F2, 1550 ± 100 nm, 50:50 Split,
FC/PC, THORLABS) through a fiber circulator, this port is a
reciprocity port, the two beams of light interfering at this port
will only undergo coupling once when passing through the fiber
coupler, and the interfering signals output from this port will
not be affected by the coupling phase shift of the fiber coupler.
A significant stability improvement of the fiber coupler was
observed in the experiments.
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Two fiber ports (PAF2A-7C, FC/APC, F = 7.5 mm, THOR-
LABS) were used to create an air gap of 7.5∼45 mm, which
is introduced in one end of the fiber coil and works as an
acoustically sensitive part. Angled cuts were applied to the air
gap to minimize the reflection. Difficulty in spatial adjustment
caused a transmission loss of around 5.4 dB across the air gap.
An electro-optic modulator (EOM, LNP6118, THORLABS)
was used to provide a high-frequency carrier. Since only the
input port of the EOM used a polarization-maintaining (PM)
fiber, a section of the PM fiber is connected at its output port
in the experiments to ensure the consistency of the modulation
to clockwise (CW) and counter-clockwise (CCW) lights by the
EOM. Significant stability improvement of the EOM modulation
was observed.

A 1/8-inch condenser microphone (Type 7118, ACO) was
used to verify the characteristics of the sensing system.

C. Sagnac Ultrasonic Sensor With Air Gap

Phase modulation in the air gap due to sound pressure ϕ is

ϕ =
2πΔn

λ
g, (6)

where λ and g are the wavelength of light and the gap distance,
respectively. If the sound pressure is sinusoidal at the angular
frequency of ωa,

p = p0 cosωat. (7)

From (5)–(7), the phase modulations at the photodetector
surface for the CW and CCW lights are

ϕCW =
2παp0

λ
g cosωat, (8)

and

ϕCCW =
2παp0

λ
g cosωa

(
t− nfL

v

)
, (9)

respectively, where nf , v, and L are the refractive index of the
fiber core, the speed of light in vacuum, and the length of the
fiber coil, respectively. The sensing air gap is assumed to be
located at the input side for the CCW light. Electric fields of the
CW and CCW lights are expressed as

E1 = ECW × e−i(ϕCW ), (10)

and

E2 = ECCW × e−i(ϕCCW+θ), (11)

respectively. Here, θ is the initial phase difference intrinsic to the
Sagnac loop, which is zero in the ideal case. The photocurrent
of the photodiode is

i ∝ ECW
2 + ECCW

2

+ 2ECWECCW cos (ϕCW − ϕCCW − θ) . (12)

The phase modulation difference due to ultrasound for the
CW and CCW lights ϕCW − ϕCCW can be written as

θa =
4παp0

λ
g sin (ωat) sin

ωanfL

2v
. (13)

Fig. 2. Typical sensor responses. (a) Relation between input modulation
amplitude and output and (b) temporal variations of the output signal: blue,
the maximum value of θa is smaller than θ; red, the maximum value of θa is
larger than θ.

Then, (12) can be rewritten as

i ∝ ECW
2 + ECCW

2 + 2ECWECCW cos (θa − θ) . (14)

Fig. 2(a) and (b) show the optical interference caused by
the ultrasonic modulation and thus the output intensity change.
When the maximum value of θa is smaller than θ, the output
voltage waveform is almost sinusoidal at the same frequency as
the applied ultrasonic field. In the case that the maximum value
of θa is higher than θ, output voltage waveform is folded, and
the major frequency component is doubled. Two peaks exhibit
different amplitudes since the initial phase difference is not ideal.

From the above results, we understand that the sensitivity to
sound pressure is determined by the factor sin

ωanfL
2v , and it

shows the maximum for

L =
v

2nffa
. (15)

Here, fa is the ultrasonic frequency. Considering that v and
nf are the speed of light and the fiber core refractive index,
respectively, a fiber coil of 1 km is required to obtain the
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Fig. 3. The relationship between sound pressure and sensor signal amplitude.

maximum sensitivity at the ultrasonic frequency of 100 kHz.
Ultrasonic sensitivity is reduced as the frequency is lowered.
This nature of the Sagnac interferometer provides robustness to
low-frequency external disturbance.

III. UNMODULATED MEASUREMENT RESULTS

A. Correlation Between Sensor Signal Amplitude and Sound
Pressure

A duralumin stepped horn connected to a bolt-clamped
Langevin transducer was driven at its fundamental frequency
of 26.4 kHz. The output surface of the horn of 30 mm in
diameter was located near the air gap of the Sagnac fiber coil,
and the sound pressure applied to the air gap was 10∼800 Pa
(114∼152 dB), variation in the refractive index of air caused
by sound pressure is about 1.93× 10−8 ∼ 1.54× 10−6, which
can be calculated by (5)). Fig. 3 summarizes the photodetector
output voltage as a function of the sound pressure. The output AC
voltage increased with increasing sound pressure p, as expected
by αp[1− cos(

ωanfL
2v )].

B. Impact of Fiber Coil Length on Output Voltage

A 26.4 kHz transducer was used to verify the effect of the
Sagnac coil length on the system responsivity. Fig. 4 summarizes
the photodetector output voltage as a function of the length of
the fiber coil. The output AC voltage increased as the fiber coil
length L, as expected by 1− cos(sin

ωanfL
2v ), and the matching

coil length for the 26.4 kHz ultrasound is calculated to be 3792 m.
Fig. 5 shows the output voltage waveform for the sound pressure
level of 111 dB, which was the minimum detectable level in this
experiment.

C. Frequency Response Analysis

Subsequently, frequency responses of the proposed sensor
were evaluated using another Langevin transducer connected to
a rectangular duralumin stepped horn with a radiation surface of
10 mm in length and 5 mm in width. The fundamental resonance

Fig. 4. The relationship between fiber coil length and sensor signal amplitude.

Fig. 5. Output average waveform for the sound pressure level of 111 dB.

and higher overtones of the transducer system at around 28.6,
56.8, 79.0, and 96.1 kHz were utilized. To keep the sound
pressure the same for different operating frequencies of the
sound source, we adjusted the driving current of the transducer
and monitored the sound pressure with a calibrated instrumental
1/8-inch condenser microphone.

An EOM was inserted into the other end of the Sagnac coil to
compare the results with the refractive index modulation of air
due to airborne ultrasound. Fig. 6 shows the results with phase
modulation by the EOM. Here, the length of the Sagnac coil was
1 km. The output signals exhibited the maximum at around the
expected frequency.

The discrepancies between experimental results and theoret-
ical predictions in ultrasonic measurements can be attributed
to the complex distribution of sound fields over gap lengths.
This complexity arises because the experiments were conducted
under near-field conditions on the radiating surface of the
transducer. Consequently, influences such as transducer out-
put sidelobes, ultrasonic diffraction between gap interfaces,
and reflection issues are present. However, the experimen-
tal results of the EOM modulation contrast are found to be
closer to simulated results that incorporate intrinsic phase
shift.
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Fig. 6. Frequency response of the proposed sensing systems compared with
the modulation by an EOM.

Fig. 7. Sensor signal amplitude result of effective sensing light path sweep.

D. Influence of Air Gap Length on Measurements

We placed a tunable gap (tunable range 0 ∼ 45 mm, adjust-
ment step 5 mm.) between the air gap and the sound source
to adjust the width of the sound field entering the air gap.
Affected by the size of the fiber port, the distance between the
tunable gap and the light propagating in the air gap is about
15 mm. The output AC voltage increased as the air gap length
l increased, as expected by the expression of sound pressure:
l × [1− cos(

ωanfL
2v )]. The results are summarized in Fig. 7.

The discrepancy between the observed experimental out-
comes and theoretical predictions, as elaborated in III. C may
stem from the intricate ultrasonic field distribution across the air
gap. This complexity and discrepancy may originate from the
diffraction by the tunable gap and ultrasonic reflections within
the air gap. The acoustic fields at the air gap with tunable gap at
10 mm and 40 mm are given in Fig. 8, which clearly shows
the effect of the gap size on the acoustic field distribution,
and the system response matches the theoretical results to a
progressively higher degree with the increase in the tunable gap.

E. Exploring Initial Intrinsic Phase Shift Effects

Voltage waveforms at the photodetector output in the previous
experiments were almost sinusoidal shape at the frequency of

Fig. 8. Air gap sound field distribution under 5 mm width (left) and 40 mm
width (right) tunable gap.

Fig. 9. Experimental sensor response signal with the maximum value of θa
over than θ.

applied ultrasonic fields as long as the ultrasonic sound pressure
was sufficiently low. This means that the experimental setup has
an initial finite phase difference between the CW and CCW
lights: θ �= 0. The measured signal shall be affected by the
magnitude of the initial phase difference θ.

We can estimate the initial phase difference of the system
from the output waveforms and estimated modulation due to
ultrasound for a moderately high sound pressure as follows.
Fig. 9 is a typical case, where the ultrasonic frequency is
26.4 kHz (the period is 37.92μs). As can be seen from the figure,
the output signal waveform (black curve) is folded, and the
fundamental frequency is doubled. The peaks are up and down
alternatively if we see the waveform carefully. The calibration
signal was created with the use of the EOM which can give a
known phase modulation. By analyzing the difference between
adjacent peaks, we can estimate the initial phase difference
θ. After some calculations, we obtained that the initial phase
difference intrinsic to the experimental setup was θ = 0.32◦ (at
this point, the optical path length difference between the CW and
CCW directions, caused by nonlinear effects, is approximately
2.76 nm), where θa = 3.75◦ for the ultrasonic sound pressure
level of 150.9 dB.

F. Fiber Coupler Reciprocity Port Stability Effect

The use of reciprocal ports has dramatically improved the
stability of fiber coupler, as elaborated in II.B, In the exper-
iment, we simultaneously test the output of the fiber coupler
from the reciprocal port led by the circulator (the port of ASE
input) and the non-reciprocal port (the dead end in Fig. 1)
and observe the stability of the output signal amplitude of the
two ports by applying external vibration to the fiber coupler,
the results are shown in Fig. 10. The output signal from re-
ciprocal port led by the circulator shows excellent stability to
the perturbation. The non-reciprocal port, due to a relatively
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Fig. 10. EOM modulated signal and microphone signal.

Fig. 11. EOM modulated signal and microphone signal.

large initial phase difference, has an amplitude slightly greater
than the reciprocal port signal but is very sensitive to the
perturbation.

IV. MODULATED MEASUREMENT RESULTS

While the Sagnac system exhibits characteristics of insensitiv-
ity to low-frequency disturbances, the use of non-polarization-
maintaining optical fibers renders the inherent phase difference
in the system susceptible to external perturbations, thereby
affecting the path-matching properties of the Sagnac system.
To address this issue, determining the optimal orthogonal phase
difference between the CW and CCW optical paths holds the po-
tential to significantly enhance the system’s stability. Moreover,
this approach may lead to increased responsivity and a broader
linear response dynamic range.

We employed an EOM to provide the system with a phase
modulation at a frequency of 500 kHz, generating a high-
frequency carrier signal with an amplitude range of ±90°.
The envelope of the carrier signal establishes an orthogo-
nal working point for the system, concurrently shifting the
frequency of the sensing signal to a more suitable high-
frequency range for amplification. The results are summarized in
Fig. 11 .

Fig. 12. The relationship between sound pressure and sensor signal amplitude.

Fig. 13. Spectrum of the EOM modulated signal.

The same Langevin transducer was driven at its fundamental
frequency at 26 kHz. The output surface of the horn of 30 mm in
diameter was located near the air gap of the Sagnac fiber coil, and
the sound pressure applied to the air gap was 10∼800 Pa. Fig. 12
summarizes the photodetector output voltage as a function of
the sound pressure. The output AC voltage increased as the
sound pressure p, as expected by αp× sin(

ωanfL
2v ). Compared

to Fig. 3, the sensor modulated using the EOM demonstrates
significantly better linearity, responsivity, and stability.

As illustrated in Fig. 13, the received signal exhibits clear
results of double-sideband modulation, including five major
components: the ultrasonic signal at frequency fs =28.6 kHz,
the carrier signal at frequency fm =499.6 kHz, the double-
sideband signals at frequencies fleft = fm − fs =471.2 kHz
and fright = fm + fs =528.1 kHz, and the carrier harmonic
signal at frequency fdm =999.2 kHz. Notably, the sideband
component at frequency fleft and frightis amplified by 35.98 dB
and 42.77 dB compared to the original signal, significantly
enhancing the system’s sensitivity and anti-interference capa-
bilities.
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V. CONCLUSION

We explored the measurement of airborne ultrasonic pressure
using a streamlined Sagnac interferometer setup, which consists
of a fiber-optic loop coil with an air gap introduced at one end of
the loop. Sound pressure was accurately measured by observing
the phase modulation caused by changes in the refractive index
at the air gap. We conducted experimental investigations on the
intrinsic phase difference within the Sagnac loop and applied
this knowledge to reconstruct the ultrasound signal. A high-
frequency carrier signal was introduced to the system using an
EOM, fine-tuning the amplitude of this carrier signal to be near
the quadrature working point. This technique allowed for the
optimal phase difference between the CW and CCW paths in
the loop, markedly increasing the sensor’s sensitivity, expanding
the linear response dynamic range, and enhancing its resistance
to disturbances.

This approach proved to be highly effective for the detection
of ultrasound signals at higher frequencies and sound pressures.
It was observed that certain characteristics of the sensor, such as
its bandwidth and dynamic range, could be tailored by adjusting
structural parameters including the length of the air gap and the
fiber coil. However, due to the complexity of operating in higher
modes and the near-field characteristics of the sound source,
some uncertainty in the absolute sound pressure sensitivity was
noted. To lessen the impact of the sensing area on the acoustic
field, future work could focus on minimizing the gap coupler’s
size or rethinking the gap’s design.
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