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Abstract—Phase-sensitive optical frequency domain 

reflectometer (𝜙-OFDR) is investigated to deliver an accurate 

distributed measurement with high spatial resolution. It is found 

that random phase noise and quadrant discrimination during 

phase calculation are the main reasons for the random hopping in 

𝜙-OFDR. By efficiently eliminating random hopping in the phase 

unwrap and suppressing the laser-induced nonlinear sweep for the 

theoretical spatial resolution, the proposed 𝜙-OFDR is proved to 

be able to decouple the limitation between resolution and accuracy 

in coherent OFDR (C-OFDR). Distributed strain measurement 

with 20 mm spatial resolution in 𝜙-OFDR is obtained and analysed. 

Measurement with little deviation and uniform sensitivity between 

applied strain and phase change both validate the efficient noise 

suppression for extreme resolution measurement. Then the 

influence of the initial sweep frequency between two times 

measurements is studied. With a further reduced 800 µm spatial 

resolution, the proposed 𝜙-OFDR is able to retain accurate 

distributed measurement compared to conventional C-OFDR 

methods. Besides, the computation time of the 𝜙-OFDR is only 3.2% 

of the C-OFDR. 

 
Index Terms—Distributed optical fibre sensor, phase-sensitive 

optical frequency domain reflectometer, resolution, accuracy 

I. INTRODUCTION 

esolution and accuracy are two essential sensing 

parameters in the distributed optical fibre sensor (DOFS) 

[1-3]. There is a trade-off among resolution, accuracy and time-

frequency analysis in various DOFS [4,5]. In phase-sensitive 

optical time-domain reflectometers (𝜙-OTDR), excellent 

accuracy and sensitivity can be delivered by phase 

demodulation with a narrow linewidth laser. However, 

resolution in 𝜙-OTDR is usually limited by the time-duration 

of the interrogated pulse and bandwidth of the digitizers [6-8]. 

As a comparison, millimetre/sub-millimetre sensing resolution 

can be realised in an optical frequency-domain reflectometer 

(OFDR) by sweeping the incident wavelength [9,10]. But the 

corresponding measurement accuracy is limited by the range of 

sweep wavelength, sample rate and laser nonlinear sweeping. 

Compared to 𝜙-OTDR, OFDR cannot directly detect phase 

variation using the wavelength sweeping method because both 

frequency and phase components are modulated in the 
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interferometer of OFDR based on Rayleigh scattering, where 

the frequency corresponds to the position identification. 

Moreover, the cross-correlation in OFDR for calculating the 

frequency shift of the index variation induced by the 

environment variables (such as temperature/strain), also 

compromises the spatial resolution in high accuracy 

measurements [11,12]. In the coherent OFDR (C-OFDR), the 

theoretical relationship between the accuracy and spatial 

resolution is related to the incident wavelength and the fibre 

index [13]. Ref[14] proposed interpolation in the frequency 

domain to improve the distributed measurement accuracy. By 

effectively suppressing the nonlinear tuning and random 

wavelength sweep range, we previously delivered distributed 

strain measurement with ±0.51 με accuracy and 5 mm sensing 

resolution using C-OFDR [10].  

Phase-sensitive OFDR (𝜙-OFDR) is an alternative OFDR 

technique, which measures phase spectrum variation. Unlike 

resolution comprised in the spatial filtering using cross-

correlation, 𝜙-OFDR has the potential to achieve the theoretical 

resolution by comparing the phase spectrum for the index 

variation tracking, which can be directly obtained by the fast 

Fourier transform [15]. Minimum measurable strain of 0.25 με 

was achieved using differential relative phases in 𝜙-OFDR [16]. 

Multi-frequency detection was proposed to suppress the 

coherent fading to realize 0.55 με standard deviation and 5.6 cm 

spatial resolution [17]. For unwrap phase with low noise, a 

density distribution optimization is investigated to eliminate the 

phase hopping. Hundreds of με with the mm-level resolution 

were demonstrated for the distributed deformation 

measurement [18]. Inner-pulse frequency-division and rotated-

vector-sum are proposed to suppress the weak fading point in 

the phase-detection distributed fibre optic vibration sensor with 

35 km fibre length [19]. Besides, accurate measurement in C-

OFDR usually leads to a long computation time due to the high 

calculation complexity of the cross-correlation in small spatial 

resolution.   

𝜙-OFDR encountered severer phase noise compared to C-

OFDR. Fine resolution measurement is more easily affected by 

many intrinsic noise, such as the laser phase noise, the nonlinear 

wavelength sweeping, the signal-to-noise ratio limitation and 
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the bandwidth of the digitizer. Moreover, unexpected random 

noise/hopping deteriorates measurement during the phase 

unwrapping. In this paper, we demonstrate that 𝜙-OFDR could 

further expand the limitation between the resolution and 

accuracy in OFDR. The principle of 𝜙-OFDR is first 

investigated in section II. The nonlinear laser sweep and 

random phase hopping are analysed and suppressed with 

proposed resample and filtering in section Ⅲ. High accurate 

distributed sensing is demonstrated with the spatial resolution 

of 20 mm. In section Ⅳ, the influence of random initial sweep 

frequency and performance are compared to C-OFDR. 800 µm-

level resolution is experimentally achieved. 

II. THEORY AND PRINCIPLE 

The basic configuration of a coherent OFDR consists of a 

tuneable laser source (TLS) and an interferometer. By 

launching wavelength-sweep light into the fibre under test 

(FUT), a non-uniform distributed index along the fibre will 

induce Rayleigh back-scattering. Such scattering will interfere 

with the light from the local oscillator (LO) and can be digitized 

by a photo-detector (PD). Thus, with the wavelength-sweep 

speed of γ, the interference of position z along the fibre under 

test can be described as: 

𝐼(𝑡) = 𝐸(𝑧)2𝑐𝑜𝑠 [2𝜋 (𝜐0𝜏𝑧 + 𝛾𝜏𝑧𝑡 −
1

2
𝛾𝜏𝑧

2) + 𝜑𝑛(𝑡, 𝜏𝑧)]   (1) 

where τz is the time delay between the position z in the fibre 

under test and the LO arm, υ0 is the initial frequency, and 𝜙n is 

the phase noise. The position of z in the fibre under test would 

correspond to the beat frequency of γτz. With the finite 

wavelength sweep range, the theoretical spatial resolution of 

OFDR is ∆z=c/2nυsweep, where c is light speed, n is the index of 

fibre, and υsweep is the wavelength sweep range. In the strain 

measurement, the variation of the distributed permittivity in the 

fibre is introduced by filtering specific spatial relevant 

frequency components. This process is usually regarded as a 

sliding window in C-OFDR. Then, a cross-correlation of the 

filtered spectrum between the strained section and the same 

section without strain is conducted to compute the frequency 

shift for quantifying the applied strain. Thus, there is a 

resolution compromise during the sliding window and cross-

correlation. The theoretical spatial resolution, initially 

determined by the wavelength sweep range, will be deteriorated 

hundreds/thousands of times to form sliding windows. A larger 

sliding window is usually preferred to guarantee measurement 

accuracy. Clearly, there is a trade-off between spatial resolution 

and strain measurement accuracy.  

Applied strain will induce optical fibre length change, as 

shown in Fig. 2(a). The relationship between the length change 

and differential phase is [20]: 

∆𝜙𝑧 =
4𝜋

𝜆0
[(1 − 𝑃𝑒)𝑛𝑒𝑓𝑓∆𝐿𝑧]                    (2) 

where Pe is the elasto-optic coefficient, λ0 is the optical 

wavelength, neff is the effective refractive index, and ∆Lz is the 

corresponding length change. Thus, the differential phase ∆ϕz 

is proportional to the length change caused by the applied strain. 

Phase demodulation enables OFDR with high accuracy. 

However, employed wavelength sweep in OFDR makes the 

received distributed back-scattering a sum of light with 

variations of frequency γτzt and phase 𝜙n(t,τz) (Eq.(1)). 

Therefore, classic phase demodulation, such as 3×3, PGC and 

heterodyne will not work. By Fourier transform of Eq. (1), the 

corresponding phase term can be expressed as: 

𝜙 = 2𝜋 (𝜐0𝜏𝑧 −
1

2
𝛾𝜏𝑧

2) + 𝜙𝑛(𝑡, 𝜏𝑧)                 (3) 

which stands for the phase spectrum at corresponding position 

z. It needs two measurements step by step, one is noted to 

reference (r) and the other is sensing (s). Thus, as shown in Fig. 

2 (a), the differential phase of Δϕ=ϕr-ϕs is able to represent the 

length change induced by the applied strain. In the ideal 

assumption that the phase noise 𝜙n disturbance is omitted, the 

strain-free optical fibre only has a difference in the initial 

frequency of υr0 and υs0 (υ0τz≫1/2γτz2). Thus, the differential 

phase Δϕ is only proportional to the position z in the fibre under 

test, therefore, proportional to the corresponding frequency f 

(Fig. 2(b)). In the strained section, there will be an extra phase 

change caused by applied strain ∆Lz, as shown in Eq. (2). The 

differential phase can be unwrapped to quantitative represent 

the strain distribution along the optical fibre (Fig.2 (c)). 

III. EXPERIMENT AND RESULT 

The experimental setup of 𝜙-OFDR is shown in Fig.3. 

Santec-TSL-550 is a tuneable laser source with output power of 

9.8 dBm. The wavelength sweep range is from 1555 nm to 1565 

nm, therefore the theoretical spatial resolution is 82.19 µm.  99% 

light is split into the main interferometer, while the other 1% is 

into the auxiliary interferometer. Two 99:1 couplers are used to 

guarantee the sufficient light power into the fibre under test. A 

variable optical attenuator (VOA) is used to adjust the visibility 

 
Fig.1 Schematic diagram of OFDR 

 

 
Fig.2 (a) Schematic diagram of phase sensitive OFDR (b) Phase spectrum 

difference with strained area (c) Unwrapping phase for distributed sensing. 
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of the interference. A 30-meters fibre Bragg grating (FBG) 

array is employed as fibre under test to enhance the Rayleigh 

back-scattering. A part of the FBG array is fixed on a strain 

applied stage for measurement and calibration. An additional 

temperature optical sensor is placed next to the fibre under test 

to compensate the temperature fluctuations. 

An auxiliary interferometer is designed to compensate for the 

noise induced by the nonlinear laser sweep. The spatial 

resolution is a key figure of merit for OFDR, which is usually 

blurred by nonlinear laser sweep. Conventional zero crossing 

resampling by auxiliary interferometer is unable to achieve 

mm-level or μm-level resolution [21]. In our previous study, we 

proposed an equal frequency resample to suppress such noise 

for an ultimate theoretical spatial resolution of 12.1 µm [22]. In 

𝜙-OFDR based on differential phase spectrum, the realisation 

of such a theoretical resolution can be regarded as the baseline, 

as it makes sure the phase comparison happens at exact the 

same section during the two-step measurement.  

With a 200 m long optical path delay (OPD) in the auxiliary 

interferometer and a proposed equal frequency resampling to 

eliminate the nonlinear tuning noise, the received time-domain 

signal is resampled and converted to the spatial domain by Fast 

Fourier transform. In Fig. 4(a), a 30-meters-long continuous 

reflection peak proves the enhanced Rayleigh back-scattering 

of the FBG array. Other peaks represent the positions of the 

connecters, circulators and splices in the optical circuit.  

Intensity drops to -110 dB noise ground at the end of 37 m fibre 

under test. The peak around 2.073 m in Fig.4 (b) is the 

connector of the single-mode fibre to the FBG array. The 

interface of two polished angle connectors can be regarded as 

an ideal index change with ultra-small resolution. The measured 

spatial resolution of this connector is 94.1 µm, following the 

theoretical prediction of a 10 nm wavelength sweep. It proves 

the effective suppression of the nonlinear laser sweep. By 

extracting the phase angle of both reference and sensing 

measurement, the corresponding phase spectrum is shown in 

Fig. 4(c). No useful information can be directly obtained from 

such a phase spectrum, because the summation of all reflected 

back-scattering has variations in both frequency and phase. 

Fig.4 (d) represents the differential phase between the reference 

and sensing measurement, which is better patterned than Fig.4 

(c). The section from 4.01 m to 4.11 m is the fibre fixed on the 

strained stage. With an applied strain of 100 με, the differential 

phase behaves as a phase accumulation distribution compared 

to the strain-free section. The value of the differential phase is 

wrapped into the interval of [-2π, +2π). The mismatch of the 

initial phase between reference and sensing measurement will 

induce extra variation in the differential phase distribution. The 

zero-slope differential phase of the strain-free area in Fig. 4(d) 

has been optimized by post-processing calibration, which will 

be studied in the Discussion section. It is important to note 

every single point still stands for the theoretical spatial 

resolution. Therefore, it can be predicted that such 𝜙-OFDR has 

the potential to realise μm-level resolution.  

However, the differential phase spectrum is also inevitably 

affected by other factors, such as laser phase noise and digitiser 

noise. In the strain-free section, most of the wrap differential 

phases form two narrow bands with an interval of 2π. During 

the phase extraction from both measurements, the individual 

phase value is limited to [-π, π) due to the arctan calculation. 

Thus the differential phase would have a random 2π interval 

because of the quadrant discrimination. Such an interval does 

not affect the continuation of phase unwrapping. But the 

random phase lying in the medium area leads to undesired 

phase deterioration. 

Phase unwrapping is implemented to represent better the 

phase variation induced by the externally applied strain. In Fig. 

5(a), discriminated interval of 2π is efficiently removed during 

unwrapping. There is an apparent phase accumulation within 

the strained section from 4.01 m to 4.11 m. The accumulated 

unwrap value is around 65 rad. But unexpected random phase 

hopping exists all along the fibre, which will distort the 

distributed measurement. Take random hopping around 3.943m, 

for example. The zoom-in of the differential phase distribution 

is shown in Fig. 5(b). To the phase hopping at 3.9428 m, the 

corresponding differential phase is 0.899. In the process of 

phase unwrapping, the calculated phase difference to the 

previous point is 3.3269, which is less than 2π. Thus, an 

algorithm of unwrapping wrongly represents a phase 

accumulation of 3.3269 at this position. But there is no actual 

strain applied to that specific point. Therefore, random phase 

noise and quadrant discrimination during unwrapping could be 

the main reasons for the unexpected unwrap hopping.  

 
Fig. 3 𝜙-OFDR Experiment setup 

 
Fig.4 (a) Spatial domain distribution with 30 meters FBG array; (b) measured  

spatial resolution of 94.1µm under 10 nm wavelength sweep range; (c) phase 

spectrum of the reference and sensing measurement; (d) Differential phase 

distribution. 
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The strain measurement range is determined by the phase 

unwrapping value of π. If applied strain induced phase shift to 

the fibre segment exceeds π, the 𝜙-OFDR will not be able to 

distinguish the actual applied-strain. The average phase 

difference has a linear relationship with the fibre segment under 

100 µε applied strain, as shown in Fig. 4(d). The slope is about 

0.000508196 rad/µε under a spatial resolution of 82.19 µm. 

Thus the unwrapping threshold of π determines the ± 6,178 µε 

measurement range. This value also agrees to the C-OFDR 

prediction with 10 nm sweep range and usual 100 MHz/µε 

sensitivity. 

In our setup, phase noise mainly comes from laser linewidth, 

digitizer noise and nonlinear sweep noise. Nonlinear sweep 

noise has been discussed above and compensated to achieve the 

theoretical spatial resolution. The Fourier transform of the 

OFDR measurement is [13]: 

𝐼 =
1

𝑁
∑ 𝐼 𝑒𝑥𝑝 (−𝑖𝑚𝑗

2𝜋

𝑁
)𝑁−1

𝑗=0   𝑎𝑡 ∆𝑧 =
𝑐

2𝜋𝜐
            (4) 

However, with the increasing length of the fibre under test, 

there will be inevitable accumulation phase error to blur the 

phase spectrum, such as random wavelength sweep range υ [10] 

and jitter in the digitizer. Therefore, instead of subtraction of 

entire spectrum for phase difference, the spectrum can be 

divided into small sections in advance. It will help to calibrate 

the frequency distribution and eliminate noise accumulation. 

The method is better than the spatial filtering of the sliding    

window in C-OFDR and does not compromise the resolution 

and not induce extra calculation complexity. The length of each 

divided section is 0.1m, which means there are about 1220 

theoretical-resolution points in each section. 

Unwrap hopping happens due to the phase discrimination of 

specific points, which randomly lie between the 2π-interval 

narrowband (Fig. 5(b)). Thus, such hopping can be eliminated 

by post-filtering. At first, the phase distribution along the fibre 

under test is statistically analysed and forms two main bands, 

covering most of the regular points. Such two bands ought to 

have an average difference of 2π. Then, the distance of each 

point to the corresponding central bands is calculated and 

evaluated. The set of distances should behave like a Gaussian 

distribution. Finally, points beyond a certain distance to the 

band centre will be eliminated because such points are more 

likely to induce unwrap hopping. Fig.5 (c) shows the statistic 

distribution of the differential phase value of one section from 

3.5 m to 3.6 m. Most of the differential phase lies around the 

peak of -0.61 and 5.53. Based on the proposed filtering, values 

ranked outsides the 3σ width to the centre will be eliminated. 

Fig.5 (d) represents the optimized phase unwrap by the 

proposed method. There is no more phase hopping along the 

fibre under test compared to Fig. 5(a). Besides, the strained area 

from 4.05m to 4.15m is barely affected with additional 

optimization, and whose accumulated phase is still around 

65.56 rad.  

Even though the unwrap phase hopping can be efficiently 

suppressed in Fig. 5(d), the residual phase noise is still too high 

to distinguish the strain distribution at the theoretical resolution 

which is 82.19 µm. Therefore, a further data-smooth filter is 

  
Fig.5 (a) Unwrap of differential phase; (b) Zoom of differential phase around the hopping of 3.943 metre; (c) Statistic distribution of differential phase from 3.5m 

to 3.6 m; (d) corrected unwrap of differential phase; (e) Distributed stain measurement comparison with 20 mm resolution average; (f) Distributed measurements 

with various applied strain. 

 
Fig.6 (a) Sensitivity between applied strain and phase with a 20 mm spatial 

resolution (b) Cumulative distribution function (CDF) with the resolution of 

20mm and 5mm. 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

 

5 

utilized. It is noted such a filter would lead to resolution 

deterioration. The black curve in Fig. 5(e) shows the distributed 

strain measurement after the data-smooth filter. The length of 

one filter is 243, indicating the actual measurement resolution 

is 20 mm. The further average is introduced and shown as the 

red curve in Fig. 5(e). Applied strain of 100 µε causes 12.93 rad 

phase change along the stretch fibre segment. The distributed 

measurement with various applied strain is also shown in Fig. 

5(f). With the applied strain of 120 µε, 140 µε, and 160 µε, the 

measurement phase change is 15.62, 18.54 and 20.98, 

respectively. The sensitivity coefficient between the applied 

strain and measured differential phase is studied in Fig. 6(a). 

The resolution is 20 mm, and the wavelength sweep range is 10 

nm. The slope of the curve represents the sensitivity coefficient, 

which is 0.124 rad/µε. The R-square, coefficient of 

determination, is introduced to represent the linearity of the 

sensitivity coefficient. The value of R-square is 0.9982, proving 

the high fidelity and linearity between the applied strain and 

measured phase shift. 

In order to further quantify the measurement accuracy, the 

cumulative distribution function (CDF) is employed to 

represent the measurement accuracy. Mounts of phase shifts of 

the strained and un-strained area are measured multiple times 

for the random deviation investigation. The phase shift of the 

strained area needs to subtract the mean value caused by the 

applied strain. The measurement accuracy is defined as the 2σ 

standard deviation of the random phase shift. This accuracy 

represents the closeness of measurements to a specific value of 

applied strain. Therefore, in Fig. 6(b), the measurement 

accuracy is about 1.76 µε with a 20 mm resolution and 6.71 µε 

with a 5 mm resolution. 

Uniform measurement with small deviation and linear 

sensitivity coefficient between applied strain and measured 

phase validate efficient suppression of phase noise, proving 𝜙-

OFDR a potential way to further extend the boundary of both 

resolution and accuracy. 

IV. DISCUSSION 

𝜙-OFDR has the potential to realise the theoretical spatial 

resolution by differential phase spectrum. But such phase-

sensitive demodulation not only encounters phase noise, but is 

also affected by the employed wavelength sweeping. As show 

in Eq. (3), there is a constant υ0τz related to the initial sweep 

frequency. Such initial frequency variation between two step 

measurements ∆ϕ=(υr0-υs0)τz determines the slope of the wrap 

differential phase. Fig.7 (a) shows one of the multiple tests 

under the same parameters and setup above. Compared to Fig. 

4(d), the slope of the wrapped phase in Fig.7 (a) increases with 

the mismatch of the initial frequency. This is mainly caused by 

the finite synchronization of the tuneable laser source and 

sampling of the DAQ. Such initial frequency mismatch at each 

laser sweep is random and inevitable. A steep slope could 

produce more discrimination points together with phase noise. 

This will lead extra burden for the proposed filtering. Fig. 7(b) 

shows the corresponding distributed strain measurement after 

an average of 20mm sensing resolution. There are two phases 

hopping around 3.6m and 3.8m and one hopping in the strained 

area. Thus, extra synchronization between two step (reference 

and sensing) measurements should be taken into consideration 

to make sure the identical sweeping frequency. Such initial 

frequency inconsistency can be monitored by wavelength 

calibration like a gas absorption cell [17] or a post-data 

calibration. 

Fig. 8 represents the comparison between C-OFDR and 𝜙-

OFDR in terms of spatial resolution. The experimental 

relationship between measurement accuracy and resolution by 

 
Fig.8 (a) Relationship between the measured strain accuracy and spatial resolution in C-OFDR and 𝜙-OFDR. Under a 100µε applied strain (b) 𝜙-OFDR with 5 

mm sensing resolution; (c) 𝜙-OFDR measurement with 800 µm sensing resolution; (d) C-OFDR measurement with 5 mm sensing resolution; (e) C-OFDR 

measurement with 800 µm sensing resolution. 

 
Fig.7 (a) Differential phase distribution with random initial frequency of 

Δυ0=υr0-υs0; (b) Deteriorate strain measurement without initial frequency 

calibration. 
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proposed method has been shown in Fig. 8(a). The wavelength 

sweep range is 10nm at 100nm/s speed. The measurement 

accuracy is 1.76 µε with a 20 mm resolution in 𝜙-OFDR, while 

the C-OFDR accuracy is 1.26 µε. Both measurement accuracy 

deteriorates exponentially with the decreasing sensing 

resolution, which agrees with the prediction of the C-OFDR 

[13]. With the ultimate resolution of less than 1 mm, the 

proposed 𝜙-OFDR can deliver a more accurate measurement to 

conquer the limitation in C-OFDR. When the spatial resolution 

is 0.5 mm, the measurement accuracy in 𝜙-OFDR is 141.27 µε, 

while the accuracy is only 194.66 µε with C-OFDR. The 

sensing resolution is 5 mm in Fig. 8(b) and (d). In 𝜙-OFDR, a 

5 mm sensing resolution determines the length of the data-

smooth filter is 61. In C-OFDR, the theoretical frequency 

resolution is 20.56 GHz. Therefore, in each 5 mm-resolution 

calculation, multiple times of zero are needed to be padded at 

the end of the sliding window for any 1µε strain resolution 

(about 100 MHz/µε). Both 𝜙-OFDR and C-OFDR can deliver 

an accurate distributed strain measurement. But the sensing 

resolution of 𝜙-OFDR is further reduced to 800 µm (Fig. 8(c)). 

There are random phase hopping in 𝜙-OFDR, indicating the 

necessity of further optimization of the phase hopping filter. 

However, the area and the value of applied strain on the fibre 

segment can be distinguished. Apart from the phase hopping, 

the deviation of distributed measurement in 𝜙-OFDR is much 

smaller than C-OFDR in Fig. 8(e). The deteriorated 

measurement with severe random deviation shown in Fig. 8 (e) 

demonstrates the limitation in C-OFDR, proving that 𝜙-OFDR 

is able to deliver better sets of resolution and accuracy.  

The other advantage of 𝜙-OFDR is the elimination of cross-

correlation in each sliding window. For a better spatial 

resolution, the calculation of the amounts of cross-correlation 

consumes the computation time significantly in C-OFDR. 

Instead, just one fast Fourier transform and phase subtraction is 

sufficient for 𝜙-OFDR, making the distributed dynamic 

measurement with better resolution and accuracy possible in 𝜙-

OFDR. In the experimental setup of the Intel Core i7-6700 CPU, 

16 GB RAM and the spatial resolution is 20mm, the 

computation time of C-OFDR demodulation is 14.04 seconds, 

while the computation time of 𝜙-OFDR demodulation is only 

0.45 seconds, about 3.2% time consuming compared to C-

OFDR. Such improvement can also be theoretically explained 

by the Generalized Stokes Theorem over one dimension 

manifold (Fundamental theorem of calculus): 

∫ 𝑑𝜔 = 
𝑀

∫ 𝜔
𝜕𝑀

                                 (5) 

where the complicated frequency integral over a certain 

position/frequency and a certain time (i.e. sliding window and 

cross-correlation) is efficiently replaced by a direct calculation 

of phase difference induced by the applied strain. 

 Intrinsic phase noise will become more dominant with the 

further reduced resolution and/or long-distant fibre under test. 

Thus, for the stable measurement with µm-level resolution in 

𝜙-OFDR, the tuneable laser source with narrower linewidth and 

efficient phase noise suppression is more desirable.  

V. CONCLUSION 

µm-level spatial resolution is a crucial feature of OFDR in 

various practical applications, such as optical coherent 

tomography, three-dimensional coordinate measurement, and 

battery monitoring. However, such resolution can only be 

achieved with compromised measurement accuracy in C-

OFDR, due to the sliding window for calculating the frequency 

shift and limited relationship between silicon-based fibre 

sensitivity (i.e. 100 MHz/µε) and sweep wavelength range. By 

efficiently suppress the nonlinear sweep noise and random 

unwrap phase hopping using equal frequency resample and 

optimized filtering, proposed 𝜙-OFDR has been proved to 

retain improved sets of spatial resolution and measurement 

accuracy. Besides, a more concise and straightforward 

demodulation in 𝜙-OFDR reduces the computation time 

significantly compared to C-OFDR.  
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