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A high-spatial-resolution optical frequency domain reflectometry (OFDR) with single interferometer was pro-
posed by using self-compensation method (SCM). The auxiliary interferometer (AI) of conventional OFDR was
replaced by a processed arc end of the fiber under test (FUT) to generate a reflection signal with appropriate
intensity. The actual instantaneous optical frequency (IOF) was successfully extracted from the arc end of the
FUT. Combining the arc end and SCM, the phase noise of the proposed OFDR was successfully eliminated to
obtain the compensated signal with high signal-to-noise ratio (SNR). Moreover, the influence of delay fiber (DF)
length on the compensation effect was theoretically and experimentally analyzed. The proposed OFDR achieved
the distributed temperature sensing with a high-spatial-resolution of 3 mm without sacrificing measurement per-
formance, where the measured distance of the FUT was ~ 108 m. The high-spatial-resolution of 5 mm was still
achieved when the measured distance of the FUT was increased to ~170 m. Such an OFDR system with low cost

and good performance has development potential in the field of distributed measurement.

1. Introduction

Distributed optical fiber sensing based on optical frequency do-
main reflectometry (OFDR) [1] and optical time domain reflectome-
try (OTDR) [2] could realize distributed multi-parameter measurement
along the fiber under test (FUT) chain. The sensing distance of OTDR
is tens or even hundreds of kilometers, but its spatial resolution is lim-
ited to meter-level due to the optical pulse width [3,4]. Compared with
OTDR, a high spatial resolution of OFDR in millimeter-level depends
on the sweep range of tunable laser source (TLS) [5—7]. OFDR has been
widely used in distributed temperature [8,9], strain/shape [10-12], and
liquid refractive index [13] measurement. However, the deterioration of
the spatial resolution induced by nonlinearity of TLS is the main chal-
lenge in OFDR. Various schemes based on hardware or algorithms have
been proposed to solve it. For example, the scheme based on hardware
was presented, i.e., using an auxiliary interferometer (AI) to provide ex-
ternal clock to realize equal frequency interval sampling [6,7,10-15],
but the measurable distance of FUT was limited by the length of the
delay fiber in Al. Meanwhile, an algorithm of auxiliary compensation

method (ACM) was also proposed [16], i.e., using the obtained instan-
taneous optical frequency (IOF) of the TLS based on Al to interpolate
the main interferometer signal to realize compensation, but it was time-
consuming. Among them, the introduction of Al not only complicates
the structure, but also requires higher acquisition equipment. To opti-
mize or simplify the OFDR, a flexible and compact OFDR was demon-
strated, which combined all functions without increasing complexity
and cost [17]. In addition, an auxiliary reflection peak generated by
connectors in FUT was used to compensate the phase deviation [18].
Besides, an OFDR integrating Al into main interferometer was also pro-
posed to realize the acquisition and compensation of single channel sig-
nal [19]. However, the Rayleigh backscattering of the main interferome-
ter would be interfered by the high-intensity signal of AI, and setting the
auxiliary peak inside the FUT would also affect the compensation effect
under long distance [20], resulting in the deterioration of the spatial
resolution. In addition, most of the previously reported OFDR based on
commercial TLS showed a measurement distance of only tens of meters.

In this letter, a high-spatial-resolution OFDR with single interferome-
ter was proposed by using self-compensation method (SCM) to eliminate
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Fig. 1. Schematic diagram of the OFDR with single interferometer. TLS: tunable
laser source; C: coupler; CIR: circulator; PC: polarization controller; FUT: fiber
under test; BPD: balanced photo-detector; DAQ: data acquisition card. Inset:
micrograph of the arc end of FUT.

the phase noise. The auxiliary interferometer (AI) was replaced by an
arc end of fiber under test (FUT) to generate a reflection signal with ap-
propriate intensity. The accuracy of the actual instantaneous optical fre-
quency (IOF) extracted by auxiliary compensation method (ACM) based
on Al in conventional OFDR, and the SCM based on the arc end of FUT
in the proposed OFDR, was investigated and compared. Moreover, the
influence of delay fiber (DF) length on the compensation effect was the-
oretically and experimentally analyzed. Subsequently, the temperature
sensing performance of the proposed OFDR with single interferometer
and conventional OFDR with Al was also compared. Furthermore, the
spatial resolution was further investigated when the length of FUT was
increased to ~170 m.

2. Experimental setup and methods

As shown in Fig. 1, an OFDR with single interferometer was built and
demonstrated. The output of a tunable laser source (TLS) was split into
two beams, i.e., reference and probe lights, via a coupler (C;). The beat
signal generated by interference between the reference and probe lights
was converted into electrical signal using a balanced photo-detector
(BPD), and then collected by a data acquisition card (DAQ), where the
sampling rate was 40 MHz/s. In the conventional OFDR, an Al was used
for frequency sampling [14] or resampling [16] to eliminate the phase
noise induced by the nonlinearity of the TLS. As we know, the existence
of phase noise would broaden the beat signal of FUT in the distance do-
main, resulting in the deterioration of the spatial resolution. Compared
with the conventional OFDR, the Al in the proposed OFDR was replaced
by an arc end of FUT to generate a reflection signal with appropriate in-
tensity to compensate the beat signal, as shown in the inset in Fig. 1.
Note that the detailed fabrication process of the arc end was listed as
follows. The FUT with the cleaved end was placed on a fiber holder in
a commercial fusion splicer (FSM-60S), then the end face was heated
by electrical arc discharge to shape the end into an arc. Another end
of the FUT was connected to the proposed OFDR, which was used to
measure the reflection intensity and signal-to-noise ratio (SNR) during
the heating process. In this way, the self-compensation method (SCM)
was adopted to eliminate the phase noise in the proposed OFDR with sin-
gle interferometer, corresponding to the auxiliary compensation method
(ACM) in conventional OFDR.

The detailed process to eliminate the phase noise with the SCM is
illustrated in Fig. 2, labeled by gray border. Firstly, the beat signal, i.e.,
measurement or reference signal, of the whole FUT was acquired by the
DAQ. Secondly, a band-pass filter [14], was employed to extract the beat
signal obtained by the interference between the local light and reflection
signal at the arc end from the afore-obtained beat signal. Ideally, the
linear IOF, i.e., v, of the TLS in one cycle could be given by [16,21].

o(t) = vy + 1t, [€))

where v, and y are the initial optical frequency and sweep rate of the
TLS, respectively. The instantaneous phase of the TLS, i.e., ¢(t), could
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be obtained by integrating Eq. (1) and given by
t
@) =2z [o(@®)dt + @y = 2mogt + yt® + ®o- 2)
0

where ¢, is the initial phase. Considering a phase noise term, i.e., 6(t)-
6(t-7,), and ignoring the direct-current and phase constant terms, the
beat signal obtained by the interference between the local light and re-
flection signal at the arc end of the FUT could be given by

2

U0 = | Eoexp Lio®] + VRE exp i (1t - 7. |

=2y/R,E} cos [2xyz,1 +6(1) — 0(1 — ,)],
where E; and j are the amplitude of the optical electric field and imag-
inary unit, R, and 7, are the reflectivity and the delay time at the arc
end of the FUT, respectively. Thirdly, the actual IOF, i.e., v;, could be
accurately extracted by performing the Hilbert transform, i.e. H[U(1)],
on Eq. (3) and taking the arctangent function. Then the actual IOF could
be given by

v (1) = arctan{ HIU®)] }/(27t1’z>. 4)

©)

v

Note that the actual IOF, i.e., v;, was not completely linear due to the
phase noise term, i.e., (t)-0(t-z,). Finally, the actual IOF was rearranged
into linear IOF, which was used for cubic interpolation of the beat signal,
so as to eliminate the phase noise and obtain compensated measurement
or reference signal. Therefore, the premise of successfully eliminating
the phase noise to achieve signal compensation was that the actual IOF
could be accurately obtained.

As shown in Fig. 2, the sensing demodulation process based on the
SCM was divided into four steps. Step 1: the compensated measurement
and reference signals were transformed into distance domain by fast
Fourier transform (FFT). Step 2: the sensing region was selected in the
afore-obtained distance domain using a sliding window with N sampling
points, and transformed into the optical frequency domain using inverse
fast Fourier transform (IFFT), i.e., obtaining measurement and reference
spectra. Step 3: the cross-correlation operation between measurement
and reference spectra were conducted. Step 4: the spectral shift of the
sensing region for the FUT could be obtained by repeating Steps 2 and
3 for m times.

The theoretical spatial resolution, i.e., Az, of OFDR could be given
by [5]

Az = ¢/2nAv, 5)

where c is the velocity of light in a vacuum, n is the refractive index of
the medium, and Av is the sweep range of the TLS. Considering a sliding
window with N sampling points, the sensing spatial resolution, i.e., A/,
could be given by

Al = NAz. (6)

3. Experimental results and discussions

To verify the feasibility of the SCM based on an arc end of the FUT,
the accuracy of extracted actual IOF, i.e., v;, was firstly investigated.
In the experiment, the sweep range, i.e., Ao, and the sweep rate, i.e.,
v, were set to 10 nm (1250 GHz) and 80 nm/s (10,000 GHz/s). The
obtained beat signal and distance domain along the FUT are illustrated
in Fig. 3(a) and (b). As shown in the enlarged view of Fig. 3(a), the
beat signal was composed of Rayleigh backscattering and reflection sig-
nals along the FUT, where the frequency components were different.
Then a band-pass filter was applied to extract the beat signal obtained
by the interference between the local light and reflection signal at the
arc end, as shown in Fig. 3(c). Thus, the actual IOF could be extracted
from Fig. 3(c) using Eq. (4). As shown in Fig. 3(d), the sweep rate and
range calculated by linear fit were 10,001.525 GHz/s (80.013 nm/s),
1250.025 GHz (10.0002 nm), respectively, which was close to the cor-
responding set parameters of the TLS, i.e., 10 nm and 80 nm/s. Unfor-
tunately, it was obviously that the scanning of commercial TLS was not
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Fig. 2. Flow chart for demodulating using the self-compensation method (SCM) based on the proposed OFDR, where the SCM was used to obtain the compensated
measurement and reference signals, respectively. m; represents the number of processing times. IOF: instantaneous optical frequency; Mea. signal: measurement
signal; Ref. signal: reference signal. FFT: fast Fourier transform; IFFT: inverse fast Fourier transform.
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Fig. 3. (a) Beat signal and (b) distance domain of the FUT; (c) beat signal obtained by using a band-pass filter for FUT arc end in Fig. (b); (d) actual instantaneous
optical frequency (IOF) obtained from Fig. (c) using Eq. (4). Insets of Fig. (a) and (c): enlarged views of beat signal before and after bandpass filtering.

completely linear, but exhibited a large frequency error, especially in
the beginning and end stages. The calculated root mean square error
(RMES) was 657.79 MHz, which was mainly caused by the nonlinearity
of the TLS and uncontrollable experimental errors.

To further illustrate that the proposed arc end could replace the Al,
the accuracy of actual IOF, i.e., v;, obtained by using the SCM with sin-
gle interferometer and ACM with AI were compared and investigated.
To make the experimental results reliable, a coupler (1 x 2) was added
between the TLS and C; in Fig. 1. Then the output of the TLS was di-
vided into two parts. One part entered into the Al, and the other part
entered into the proposed OFDR, i.e., single interferometer shown in
Fig. 1. Note that the same BPD and delay fiber (DF) with same length
were used, and beat signals were synchronously collected by the DAQ.
Under the same sweep range, i.e., 10 nm, four groups of sweep rates, i.e.,
50, 80, 150, and 160 nm/s, respectively, were investigated. As shown

in Fig. 4(a), the IOF curves obtained by the OFDR with Al and single
interferometer were almost completely coincide, where the correspond-
ing linear fitting slopes were 49.995, 80.016, 149.896, 159.867 nm/s
and 49.994, 80.014, 149.895,159.873 nm/s, respectively. Taking the
IOF obtained by OFDR with AI and single interferometer as the theory
value and measured value, the relative error of IOF could be calculated
by

|Measured value — Theory vlaue|

X 100%. (7)

Relative error =
Theory value

Note that the relative error could not be calculated when the theory
value was equal to zero. As shown in Fig. 4(b), the relative errors of IOF
were relatively tiny, i.e., within 0.006%, at different sweep rates, which
indicated that the proposed OFDR with single interferometer using an
arc end of the FUT instead of the AI could also accurately extract the
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IOF of the TLS based on the proposed SCM. Therefore, the beat signal
could be compensated by using the proposed system and SCM, so as to
eliminate the phase noise.

Moreover, the compensated distance domain of FUT with a length
of more than 100 m obtained by the SCM is illustrated in Fig. 5. As
shown in the enlarged view of Fig. 5, the 3-dB spatial resolution at the
reflection peak was ~82 ym, which was equal to the theoretical value
calculated by Eq. 5 (Ao = 10 nm), i.e., 82 ym. As shown in Fig. 5, the

120

reflection intensity of ~ —40 dB and the SNR of ~18 dB were observed.
Note that the higher the SNR, the better the obtained arc end quality.
Consequently, a processed arc end of FUT in the proposed OFDR with
single interferometer could be employed to generate a reflection signal
to successfully extract the IOF, and finally achieved good compensation
effect.

When the actual IOF was used to interpolate compensate signal, the
influence of DF length on the compensation effect was also analyzed.
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The beat signal obtained by the interference between the local light and
the backscattered light along the FUT could be given by

L
Upyr(@) = ZNEE@ cos [2zy7;t + 0() — 0(t — 7,)]. ®)
i=1

where L is the number of scatters along the FUT, R; and r; are the re-
flectivity and the delay time of the backscatters, respectively. As can
be seen from Eq. (8), the term of 4(t) in the phase noise term is inde-
pendent of the delay time, i.e., independent of the FUT length, while
the term of 0(t-7;) is dependent on the FUT length. Therefore, the phase
noise in the beat signal, i.e., 8()-9(t-7;), would gradually increase with
the increase of the FUT length, resulting in the sharp deterioration of
spatial resolution. According to Eq. (3), the actual IOF of the beat sig-
nal with a delay time of 7, contained a phase noise term, i.e., 6(t)-6(t-
7,). When the dealy time of the DF is much smaller than that of the
backscatters of the FUT, i.e., 7,< 7;, corresponding to 6()-6(t-r,) <
0()-0(t-1;), the actual IOF extracted from DF could not eliminate all
phase noise along the FUT after being used to interpolate the Ugyr. On
the contrast, when the dealy time of the DF is much greater than that
of the backscatters of the FUT, i.e., 7, > 7;, corresponding to 6(t)-0(t-
7,) > 0(8)-0(t-7;), the actual IOF extracted from DF could be used to
eliminate all phase noise along the FUT. For the proposed OFDR with
single interformeter, the beat signal based on Eq. (3) obtained from
the arc end of FUT always met the above condition, i.e., 8(0)-0(t-7,) >
0()-0(t-1;).

80

To verify the above analysis, an experiment was performed. In the
experiment, the sweep rate and range of the TLS were set to 80 nm/s
and 10 nm, respectively, and the length of FUT was 108 m. To better
evaluate the quality and reliability of the compensated signal, the cross-
correlation coefficient, i.e., p, was employed to calculate the similarity
between the compensated measurement signal (Uy,,) and reference sig-
nal (URef):

cov(UMeﬂ, URef)
T
(var U] var[U e ])

where cov(Upgeq, Upep) is the covariance of Uy and Ugep, var[Upgql
and var[Up] are the variance of Uy, and Ug,y, respectively. When no
temperature was applied to the FUT, the ACM with ~17 m and ~108 m
long DF, and SCM with the arc end were used to calcualte the cross-
correlation coefficient, i.e., p, of the compensated signal along ~108 m
FUT, respectively. According to Eq. (6), the spatial resolution could be
calculated to 3 mm when a sliding window of N = 36 sampling points
was used to select the sensing range. To identify small spectral fluc-
tuations, the sliding window with a size of 36, i.e., N = 36, could be
interpolated by adding 4060 zeros, i.e., M = 4060. In this way, the spec-
tral resolution could be improved from Av/N to Av/(N+M), i.e., 34.72 to
0.31 GHz [22, 23]. When the length of DF in the Al was ~17 m, the cross-
correlation coefficient obtained by using the ACM was dropped sharply
along the FUT, as shown in the green dot in Fig. 6(a). As shown in the

p(UMea’ URef) = (9)
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Fig. 7. Obtained spectral shifts of the FUT by using the (a) ACM and (b) SCM, respectively, where the spatial resolution was 3 mm. Note that the temperature was
increased from 30 to 80 °C with a step of 10 °C; Obtained spectral shift as a function of temperature for (¢) ACM and (d) SCM, respectively. Inset of Figs. (a) and (b):

enlarged views of the spectral shifts induced by the temperature increase.

green curve in Fig. 6(b), the spectral shift was also most zero within the
distance of 0~40 m, while the spectral shift with obvious error was ob-
served within the distance of 40 ~ 108 m, corresponding to 0(t)-9(t-r,)
< 0()-0(t-7;), and the calculated root mean square error (RMSE) in the
range of 0 ~ 108 m was 121.02 GHz. The value of the cross-correlation
coefficient calculated by using the ACM with a 108 m DF in the AI was
higher than that calculated by uing 17 m DF, as shown in the red point
in Fig. 6(a). Similarly, the value of the cross-correlation coefficient cal-
culated by using the SCM with the arc end was also kept at a high level
along the FUT, as shown in the blue point in Fig. 6(a), indicating that
the sensing performance of the proposed system is almost independent
of the distance between the arc end of the FUT and the measurement
area. The reason for these phenomenon is that both the ACM based on
a 108 m DF and SCM based on arc end meet the condition, i.e., 8(t)-0(t-
7,) > 0(0)-9(t-7;). Moreover, the spectral shifts obtained by the ACM and
SCM with 108 m DF exhibited a tiny fluctuation near zero, as shown
in the red and blue curve in Fig. 6(b), corresponding to the RMSE of
0.92 and 0.99 GHz, respectively. Therefore, the obtained experimental
results were consistent with the above theoretical analysis.

In addition, the temperature sensing performance of the OFDR with
Al by using the ACM and single interferometer by using the SCM was
also compared. Note that the sweep range and rate were the same as
those in Fig. 6, i.e., 10 nm and 80 nm/s. To better illustrate the effective-
ness of the proposed method, the temperature furnace was placed near
the arc end with the higher phase noise, i.e., 103.47—-103.83 m, where
the total length of the FUT was ~ 108 m. Note that the length of DF in the
conventional OFDR with Al was set to be almost equal to the FUT. The
beat signal obtained at the temperature of 30 °C was defined as reference
signal, while the beat signals obtained at the temperatures of 40 to 80 °C

were measurement signals. Then the ACM and SCM were employed to
compensate the afore-obtained signals, i.e., obtaining compensated ref-
erence and measurement signals. The total time for completing a single
temperature measurement, including acquisition and signal processing,
was about 4 s. As shown in Fig. 7(a) and its enlarged view, large spectral
shifts, i.e., up to ~ 68 GHz, were observed in the region with temperature
change, while only some tiny spectral shifts probably caused by noise
and unstable ambient temperature were observed in the region without
temperature change. This indicated that the spectral shift induced by the
temperature change of the conventional OFDR with Al was successfully
demodulated, when the sensing spatial resolution, i.e., Al, and spectral
resolution were 3 mm (N = 36) and 0.31 GHz, respectively. As shown
in Fig. 7(c), the temperature sensitivity and linear fitting coefficient of
the ACM were 1.29 GHz/°C and 0.996, respectively. Similarly, the spec-
tral shifts could also be successfully obtained by using the SCM with the
same spatial resolution and spectral resolution, as shown in the Fig. 7(b)
and (d), where the temperature sensitivity and linear fitting coefficient
were 1.34 GHz/°C and 0.998, respectively. This indicated that the pro-
posed OFDR with single interferometer could also accurately sense the
change of temperature. Therefore, the proposed OFDR with single inter-
ferometer could still achieve a high-spatial-resolution of 3 mm for more
than 100 m FUT, when the sweep range of the TLS was 10 nm. However,
only a spatial resolution of 45 mm was achieved for 50 m FUT, when
the sweep range was 20 nm [19].

To illustrate that the proposed OFDR can achieve longer-distance
sensing at high-spatial-resolution, the length of FUT was further in-
creased to ~170 m. Compared with Fig. 6(a), the value of the cross-
correlation coefficient was decreased when the spatial resolution was
5 mm, as shown in Fig. 8(a). The reason is as follows. On the one hand,
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the phase noise and SNR are deteriorated with the increase of the dis-
tance of the FUT [24,25]. On the other hand, the interpolation error is
further increased, which is an important reason. As shown in Fig. 8(b),
the spectral shift obtained by the SCM could still maintain a tiny fluctu-
ation near zero, where the calculated RMSE was 0.75 GHz.

4. Conclusion

In conclusion, we demonstrated a high-spatial-resolution OFDR with
single interferometer based on the SCM. The actual IOF of the TLS was
successfully obtained through the arc end of FUT, and the compen-
sated signal with high SNR was obtained by eliminating the phase noise
through the SCM. The relative errors of IOFs were relatively tiny, i.e.,
within 0.006%, at different sweep rates, i.e., 50, 80, 150, and 160 nm/s,
respectively. The value of the cross-correlation coefficient calculated by
using the SCM was kept at a high level. And the spectral shifts obtained
by the ACM and SCM with 108 m DF exhibited a tiny fluctuation near
zero, corresponding to the RMSE of 0.92 and 0.99 GHz, respectively.
The proposed OFDR achieved the distributed temperature sensing with
a high-spatial-resolution of 3 mm without sacrificing measurement per-
formance, where the measured distance of the FUT was ~ 108 m. In ad-
dition, the spatial resolution was slightly decreased to 5 mm when the
measured distance of the FUT was increased to ~170 m, corresponding
to the RMSE of spectral shift of 0.72 GHz. Therefore, such an OFDR with
simple configuration and good performance has development potential
in the field of distributed measurement.
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