
  

Abstract—Dynamic strain sensing based on fiber Bragg 

gratings (FBG) has found a wide range of applications in 

structure health monitoring and industrial process control. 

Conventional approaches to enhance strain resolution 

upon the standard configuration have shown challenges in 

scaling up due to much-increased system complexity. In 

this report, we demonstrate a new scheme based on an 

FBG sensor fabricated in a polarization-maintaining fiber. 

By using balanced detection to suppress laser intensity 

noise and enhance strain signal, we have demonstrated an 

improvement of 28 dB in signal level, 18 dB in signal-to-

noise ratio, and 20× in strain resolution when compared to 

the results using a regular FBG sensor. Moreover, this new 

sensing concept does not require complicated frequency 

locking systems and hence allows easy scaleup. 

 
Index Terms—Dynamic strain measurement, fiber Bragg 

grating sensors, polarization-maintaining fibers 

 

I. INTRODUCTION 

 iber-optic sensors have become a major sector in the 

rapidly growing sensor market, holding many advantages 

over conventional electronic sensors, including low cost, high 

sensitivity, large bandwidth, immunity to electromagnetic 

interference, and scalability to large networks [1]. Among 

various types of fiber-optic sensors, fiber Bragg gratings 

(FBGs) have emerged as the most important modality for local 

and distributed sensing of strain, temperature, vibration and 

pressure due to their unique capability of wavelength-encoded 

measurement [2,3]. In particular, FBG-based dynamic strain 

sensors have been widely used in smart structures and 

structural health monitoring applications [4,5]. These sensors 

typically can achieve strain resolutions at sub-microstrain (με) 

level. However, as the demand for high-resolution strain 

sensing continues to arise, there has been a constant effort to 

lower the minimum detectable strain by FBG sensors [6].  

A number of techniques have been developed to improve 

the strain resolution of FBG sensors [7-15]. The central idea 
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behind all these methods is to enhance wavelength selectivity, 

either by introducing additional wavelength discriminators or 

by optimizing the FBG designs to create sharper resonance 

peaks. Among the notable prior works, methods based on 

interferometric wavelength discriminators have demonstrated 

dynamic strain resolutions of the order of ~1 𝑛𝜀 √𝐻𝑧⁄  [7,8]. 

Locking lasers to FBG has pushed this resolution further down 

to 45 𝑝𝜀 √𝐻𝑧⁄  (at 3 kHz) [9]. With π-phase-shifted FBG, 

which can produce extremely sharp resonance peaks, 

~5 𝑝𝜀 √𝐻𝑧⁄  strain resolution has been first reported [11]. Its 

operating frequency was initially limited to >100 kHz. 

However, this high-frequency limitation has been mitigated in 

a recent report to ~10 𝑝𝜀 √𝐻𝑧⁄  strain resolution at 10 Hz 

[12]. Meanwhile, an ultrahigh dynamic strain resolution of 

140 𝑓𝜀 √𝐻𝑧⁄  (at >1 kHz) has been achieved using a π-phase-

shifted FBG frequency-locked to a random distributed 

feedback fiber laser [13]. Another method showing great 

potential is slow-light FBG, which relies on a unique 

fabrication process to create strong apodized FBG with a 

series of narrow resonance peaks [14]. Such resonance 

features have been utilized to attain a strain resolution 

approaching the thermodynamic noise limit of 130 𝑓𝜀 √𝐻𝑧⁄  at 

1.5 kHz [15]. Despite the tremendous success by these prior 

efforts, the improvement in performance has come at the cost 

of increasing scheme complexity. Not only is highly 

specialized FBG fabrication necessary for some of these 

techniques, but sophisticated laser frequency locking, such as 

the Pound-Drever-Hall scheme, is also required, making these 

methods very difficult to scale up and significantly limiting 

their applicability in engineering applications.  

In this paper, we take a different approach toward 

enhancing strain resolution. Instead of trying to maximize the 

strain signal by creating sharper wavelength discriminators, 

we aim to suppress the noise using the FBG itself. In almost 

all fiber-optic sensing systems, the dominant noise is laser 

intensity/frequency noise [16]. By creating a scenario within a 

single FBG where laser intensity noise becomes a common-

mode noise and hence can be easily cancelled out, we are able 

to lower the minimum detectable strain and improve the 

single-to-noise ratio (SNR). To this end, we use FBGs 

fabricated in polarization-maintaining fibers (i.e., PM-FBGs). 

PM-FBGs, sometimes also referred to as HiBi-FBGs, are a 

common type of FBG widely available on the commercial 

market with very low costs [17]. Their applications in fiber-

optic sensing have been well-studied, but mostly in the context 

of multi-parameter sensing. Because of the birefringence of 

polarization-maintaining (PM) fiber, a PM-FBG possesses two 

resonance peaks in its reflection spectrum, which correspond 
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to the two orthogonal polarizations. This additional degree of 

freedom in polarization enables polarization-assisted 

characterization [18], which has found a breadth of 

applications in multi-dimensional and multi-parameter sensing 

[19-21]. However, what has been largely overlooked in the 

study of PM-FBGs is their potential in enhancing the 

resolution and SNR for the measurement of longitudinal 

strains. This is the focus of the current paper. 

The paper is organized in the following order. We discuss 

principle of operation in section II. Section III describes the 

experiment. Results and discussions are described in section 

IV. Finally, a conclusion is given in section V. 

II. PRINCIPLE OF OPERATION 

The reflection spectrum from a PM-FBG features two 

resonance peaks. Their wavelengths are given by 

λ𝑠 =  2Λ𝑛𝑒𝑓𝑓
𝑠  and λ𝑓 =  2Λ𝑛𝑒𝑓𝑓

𝑓
 ,              (1) 

where Λ is the grating period, 𝜆𝑠 (𝜆𝑓) and 𝑛𝑒𝑓𝑓
𝑠  (𝑛𝑒𝑓𝑓

𝑓
) are the 

Bragg wavelength and the effective refractive index for the 

polarization component along the slow (fast) axis, respectively 

[21]. When the grating period Λ changes under longitudinal 

strains, both 𝜆𝑠 and 𝜆𝑓 change accordingly as suggested by (1). 

Since 𝑛𝑒𝑓𝑓
𝑠  and 𝑛𝑒𝑓𝑓

𝑓
 are nearly equal and their changes due to 

strain are very small, both Bragg wavelengths shift toward the 

same direction by approximately the same amount [21]. 

 
Fig. 1.  Operating principle of the proposed scheme: The reflection spectrum 

of PM-FBG relative to laser (left) and the corresponding output of BPD (right) 
in (a) steady state, (b) stretched, and (c) compressed conditions.  

 

With this basic understanding about PM-FBG, here is how 

the proposed scheme works: A proper PM-FBG is chosen so 

that its two resonance peaks share an overlapping region in the 

middle of them. Under the steady state (i.e., strain free), a 

single-wavelength interrogating laser is tuned to the crossover 

wavelength between the two Bragg reflection peaks, as 

illustrated by the left panel of Fig. 1(a). The polarization of the 

injected light is adjusted so that equal amount of optical power 

is reflected by the PM-FBG along its fast and slow axes. The 

two orthogonally polarized reflection signals are separately 

detected and the detector outputs are subtracted from each 

other to create a null under the stead state (i.e., balanced 

photodetection), as shown in the right panel of Fig. 1(a). When 

the PM-FBG is under a longitudinal strain, the two Bragg 

peaks shift together toward one direction, causing dislocation 

of the laser wavelength from the crossover point between the 

two peaks, as depicted by the left panels of Fig. 1(b) and (c). 

However, the reflected powers along the fast and the slow 

axes change toward opposite directions due to the opposite 

signs of their corresponding reflectivity slopes. This allows the 

balanced photodetector (BPD) to generate a large, offset-free 

response, as shown in the right panels of Fig. 1(b) and (c).  

To further appreciate the advantages of this technique in 

comparison with the conventional scheme based on a regular 

FBG (which uses the edge of one Bragg peak), we note that, 

analytically, the power reflectivity of a PM-FBG along its fast 

(𝑅𝑓) and slow (𝑅𝑠) axes can be approximated by the following 

linear relations near the crossover wavelength [9] 

𝑅𝑓(𝜈) = 𝑅0 + 𝐺(𝜈 − 𝜈0) and 𝑅𝑠(𝜈) = 𝑅0 − 𝐺(𝜈 − 𝜈0)  (2) 

where 𝜈 is optical frequency, and 𝜈0, 𝑅0 and 𝐺 are optical 

frequency, power reflectivity and slope of reflectivity at the 

crossover wavelength, respectively. The incident optical 

power, which typically carries some intensity fluctuations ∆𝑃 

around a nominal value 𝑃0, can in general be written as 𝑃 =
𝑃0 + ∆𝑃. Now let us take a look at two specific scenarios. In 

the first one, all the incident light is polarized along the fast 

axis, which makes the sensor equivalent to a regular FBG. In 

this case, a single photodetector (SPD) is used to probe the 

reflected optical power and its photocurrent can be 

approximately expressed as  

𝑖𝑆𝑃𝐷(𝜈) ≈ ℛ(𝑅0𝑃0 + 𝑅0Δ𝑃 + 𝑃0𝐺∆𝜈),       (3) 

where ℛ is detector responsivity and ∆𝜈 ≡ 𝜈 − 𝜈0 is frequency 

detuning from the crossover point due to the presence of 

strain. In writing (3), we have assumed both ∆𝑃 and ∆𝜈 are 

small so the second-order term is neglected. In the second 

case, laser frequency is positioned at the crossover point 

between the two Bragg peaks under steady state and the 

incident power is evenly split between the fast and the slow 

axes. Balanced detection is then used to create an output null, 

eliminating the constant background at the crossover 

wavelength. Assuming the same detector responsivity, the net 

photocurrent from the BPD is 

𝑖𝐵𝑃𝐷(𝜈) ≈ ℛ𝑃0𝐺∆𝜈.                        (4) 

Once again, the second-order term has been neglected.  

A comparison between (3) and (4) shows two key 

advantages of using a PM-FBG sensor. First, the dominant dc-

offset term ℛ𝑅0𝑃0 is cancelled out in the BPD output. This 

allows the use of a large transimpedance gain when converting 

photocurrent into voltage, effectively raising detector 

resolution while helping the strain-induced signal overcome 

instrument noise. Secondly, the first-order contribution of 

laser intensity noise is also removed from 𝑖𝐵𝑃𝐷, making the 

detector much less sensitive to laser power fluctuations. As a 

result, the overall SNR is also expected to improve. 

III. EXPERIMENT 

A layout of the experimental setup is shown in Fig. 2(a). The 

FBG sensor is fabricated on a PANDA-type PM fiber. It has 
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two Bragg reflection peaks about 0.6 nm apart, with each peak 

having a 0.4-nm full width at half maximum (see Fig. 2(b)). A 

single-frequency, external-cavity diode laser operating near 

1550 nm serves as the light source and its wavelength is tuned 

to the crossover wavelength of the two Bragg peaks, as shown 

in Fig. 2(b). The laser has a nominal linewidth of 50 kHz and a 

maximum power of 40 mW, with a wavelength tuning range 

from 1549.5 nm to 1550.5 nm by adjusting the temperature. 

The fiber-coupled laser output passes through an isolator 

before entering a polarization controller, which is used to set 

the polarization state of the interrogating light. A polarization-

maintaining 50:50 coupler couples the interrogating light into 

the PM-FBG sensor and sends the reflected power (~100 μW) 

toward the output. A fiber-coupled polarization beamsplitter 

splits the two orthogonal polarization modes in the output, 

feeding them into the two photodiodes of a balanced amplified 

photoreceiver (Thorlabs PDB 440C). The receiver provides a 

transimpedance gain of 5.1×104 V/A. All the fibers and fiber 

connectors after the polarization controller are PM type so that 

the polarization state is preserved. In order to generate 

calibrated strain, the PM-FBG is epoxied on a 1.25×0.5×0.02 

in. piezoelectric extension actuator, which has a charge 

constant of 1.26 με/V and a resonance frequency of 26.2 kHz.  

 
Fig. 2. (a) Schematic of the experimental setup for PM-FBG strain sensing. 
DL: diode laser, ISO: fiber-coupled isolator, PBS: polarization beam splitter, 

PC: polarization controller, PM-Coupler: polarization maintaining coupler. (b) 

Laser wavelength is tuned to the crossover point between the two PM-FBG 
Bragg peaks. The spectrum is measured by simultaneously coupling outputs 

from a mode-locked laser and the DL into the PM-FBG. 

IV. RESULTS AND DISCUSSIONS 

In order to demonstrate dynamic strain measurement with the 

PM-FBG sensor, a sinusoidal modulation voltage is applied to 

the actuator and the output of the receiver is monitored using a 

fast Fourier transform signal analyzer (SRS SR785). Both 

SPD and BPD schemes are studied. In the SPD scheme, the 

polarization of the interrogating light is adjusted to align with 

one of the primary axes of the PM fiber and only one Bragg 

peak is involved in the sensing process. As a result, only one 

photodetector in the photoreceiver is used in strain 

measurement. In the BPD scheme, the incident polarization is 

adjusted to balance the BPD output when the PM-FBG is 

strain free. Both Bragg peaks are involved in the sensing 

process and both photodetectors contribute to strain 

measurement. Moreover, the removal of the large dc offset 

allows the transimpedance gain of the photoreceiver to be 

activated in this case. 

 
Fig. 3. Measurements of dynamic strain at 1.5 kHz with the BPD (solid) and 

the SPD (open) schemes. Lines represent linear fitting. 

 

A typical set of strain measurement results is summarized in 

Fig. 3. Here, dynamic strain at 1.5 kHz is introduced to the 

PM-FBG with various amplitudes, and the sensor response is 

recorded with both the SPD (open diamond) and the BPD 

(solid diamond) configurations. Both sets of data exhibit a 

high degree of linearity on the log-log scale with roughly a 20 

dBV/decade slope as shown in Fig. 3. This suggests that the 

sensor responds to strain in a highly linear fashion. More 

importantly, under the same strain levels, the detector output 

in the BPD scheme shows a 28-dB increment compared to the 

case using the SPD scheme. Such a dramatic enhancement of 

the signal level is primarily attributed to the transimpedance 

gain of the BPD receiver, which is enabled due to the 

cancellation of the large dc background. 

The minimum strain resolvable by the PM-FBG sensor is 

assessed by measuring the system noise floor over the 

frequency range of 1 Hz – 100 kHz. Fig. 4 summarizes the 

results with both the BPD and the SPD schemes. In both 

configurations, the receiver output under strain-free condition 

is measured with and without the interrogating light, with the 

latter case serving as a reference of instrument noise (see Fig. 

4(a) and (b)). The corresponding strain noise floors for the two 

schemes, after proper calibrations based on the data shown in 

Fig. 3, are compared in Fig. 4(c). The BPD scheme displays 

clear improvement in strain resolution than the SPD scheme 

across several decades of frequency. The only exception, 

however, occurs within 20 Hz – 200 Hz, where the BPD noise 

is markedly higher than the SPD noise at certain frequencies. 

This is likely caused by the transimpedance amplifier used in 

the BPD configuration, which tends to channel fluctuations in 

the power line into the photoreceiver. Such electronic noise 

should in principle be easy to remove or mitigate via better 

power-line shielding or amplifier design. The dynamic strain 

resolution with the BPD scheme is 700 𝑝𝜀 √𝐻𝑧⁄  at 10 Hz and 

30 𝑝𝜀 √𝐻𝑧⁄  at 100 kHz. This represents an improvement of a 

factor of 3 at 10 Hz and a factor of 20 at 100 kHz over the 

SPD scheme, which operates similarly as a regular FBG. 

Temperature is a key factor affecting sensor stability. In the 

case of PM-FBG, temperature variations can lead to Bragg 

wavelength shift and polarization state fluctuations. Both of 

these effects cause the BPD to drift away from the optimum 

balanced state even without external strain. To verify the long-

term stability of the BPD scheme, we monitor the steady-state 

BPD output over long periods of time after initial optimization 
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and find that under normal lab conditions the drift can remain 

very small for hours. Fig. 4(c) inset shows a typical set of data 

where the maximum BPD output drift over 2000 s is about 50 

mV, which should not affect the BPD operation given the 

±1.2-V BPD saturation voltage. Moreover, since temperature-

induced fluctuations are typically slow changes, i.e. << 1 Hz, 

they are not expected to interfere with dynamic strain sensing.  

SNR is another important parameter for strain sensors. We 

have measured the photoreceiver output spectra under a fixed 

amount of dynamic strain with both the BPD and the SPD 

configurations. Fig. 5 compares the results between these two 

schemes for (a) 64 𝑛𝜀 at 85 Hz and (b) 16 𝑛𝜀 at 1.5 kHz. In 

both cases, it is evident that significant improvement of SNR 

can be attained using a PM-FBG sensor along with balanced 

detection. In particular at 85 Hz, an SNR enhancement over 18 

dB has been achieved as shown in Fig. 5(a). This demonstrates 

the effectiveness of PM-FBG sensors in enhancing SNR. 

 
Fig. 4.  Noise floors and instrument backgrounds for (a) BPD and (b) SPD 
schemes. (c) Noise-limited strain resolutions for BPD and SPD. Inset: long-

term BPD output stability over 2000 s (red lines: BPD saturation voltages). 

 
Fig. 5.  Comparisons of signal-to-noise ratios between the BPD and the SPD 

schemes for dynamic strains of (a) 64 𝑛𝜀 at 85 Hz and (b) 16 𝑛𝜀 at 1.5 kHz.  

V. CONCLUSION 

Current results have demonstrated that a PM-FBG sensor is 

able to enhance both strain resolution and SNR compared to 

the case of using a regular FBG. In particular, enhancements 

including 28 dB in signal level, 18 dB in SNR, and 20× in 

strain resolution were observed by applying a BPD scheme to 

a PM-FBG sensor. More importantly, such improvements do 

not require a large overhead in system complexity (e.g., laser 

frequency locking), offering the method a much better 

scalability than conventional approaches.  
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