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Coherent Optical Phase-Derived Ranging
With High Sensitivity and Accuracy

Lihan Wang *“, Xiangchuan Wang

Abstract—Optical transfer delay (OTD) measurement enables
the high performance of distributed coherent radar and optically
controlled phase arrays. However, achieving high-accuracy and
large-range OTD measurement in photonic integrated chips, out-
door free-space optics, and optical links with significant insertion
loss is challenging. This article proposes a coherent optical phase-
derived ranging (PDR) system to enhance the OTD measurement
sensitivity. In the experiments, the stability of the coherent system
was improved 35 times compared to the incoherent system when
measuring an optical device with an insertion loss of 30 dB. The
sensitivity of the proposed system reaches —80 dBm, which is 46
dB better than the commercial PDR-based product. In addition,
the error introduced by the Doppler effect was eliminated with the
proposed demodulation method, enabling OTD measurement of a
variable optical link.

Index Terms—Coherent demodulation, coherent detection,
optical transfer delay measurement, phase-derived ranging.

1. INTRODUCTION

CCURATE measurement and controlling of optical trans-

fer delay (OTD) play a crucial role in microwave photonics
and optical communications [1], [2], [3], [4], [5] for optical
buffering, beamforming, clock synchronization, etc. With the
rapid development of photonic integrated chips, integrated op-
tical delay lines (ODLs) have been developed [6], [7], [8], [9],
which are always associated with large insertion loss and there-
fore challenge the OTD measurement sensitivity. For example,
the average propagation loss of the silicon waveguide is 3 dB/cm,
10° times that of the optical fibers. The insertion loss of the
integrated ODLs is directly related to the amount of delay. In [8],
a delay of 5 ns corresponds to an insertion loss of above 28 dB.
Therefore, achieving high sensitivity and a large measurement
range is necessary for the ODL measurement. On the other hand,
in outdoor free-space optics, severe weather would induce high
attenuation of up to 480 dB/km. Even if ignoring the weather

Manuscript received 20 May 2023; revised 31 August 2023; accepted 8
September 2023. Date of publication 12 September 2023; date of current version
16 January 2024. This work was supported in part by the National Natural
Science Foundation of China under Grants 62271249 and 62075095 and in part
by the Key Research and Development Program of Jiangsu Province under Grant
BE2020030. (Corresponding authors: Xiangchuan Wang; Shilong Pan.)

Lihan Wang, Xiangchuan Wang, and Shilong Pan are with the National
Key Laboratory of Microwave Photonics, Nanjing University of Aeronautics
and Astronautics, Nanjing 210016, China (e-mail: andwwlh@nuaa.edu.cn;
wangxch@nuaa.edu.cn; pans @nuaa.edu.cn).

Shupeng Li is with Suzhou LiuYaoSi Information Technologies Company,
Ltd., Suzhou 215500, China (e-mail: Isp@newkeytech.com).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/JLT.2023.3314523.

Digital Object Identifier 10.1109/JLT.2023.3314523

, Shupeng Li

, and Shilong Pan'?, Fellow, IEEE

element, the reflectivity of the detected object may be very
low in some circumstances. All these applications require high
sensitivity OTD measurement system.

Phase-derived ranging (PDR) [10] is one of the most effective
methods for OTD measurement owing to its incomparable high
accuracy and large measurement range. In a PDR system, the
OTD will be transferred into the phase variation of the modulated
signal, which can be detected with high accuracy in the electri-
cal domain. However, the traditional PDR system has limited
measurement sensitivity. If we measure an optical device or
optical link with a large insertion loss, the optical carrier would
be suppressed accordingly, so the signal-to-noise ratio (SNR)
of the OTD measurement system would deteriorate severely. To
overcome this problem, one can apply an avalanche photodiode
(APD), of which the current gain is 100 times larger than a
PIN photodiode. However, the phase of the APD output signal
is closely related to the intensity of the optical signal, which
inevitably introduces large OTD measurement errors [11].

Generally, coherent detection has better-receiving sensitivity
than incoherent detection due to the gain provided by the refer-
ence signal. However, to the best of our knowledge, no coherent
PDR-based OTD measurement methods have been reported.
This is because the reference laser’s phase noise would severely
degrade the measurement accuracy of the PDR. One solution
to eliminate the phase noise is to use variable optical delay
lines to match the length of the reference path and measurement
path [12]. In the PDR, however, the optical length of the op-
tical link under test (OLUT) is unknown, making the precise
length matching in the reference path unreliable. Moreover,
the reference optical delay line is susceptible to environmental
disturbance, which produces additional measurement errors. An
optical phase lock loop (OPLL) can also compensate for the laser
phase noise [13], [14], in which the phase of the beat photocur-
rent between the signal light and local oscillator (LO) laser is
first extracted, and then the phase error is used to modulate the
LO laser in real-time. However, this approach requires a short
feedback loop to track the phase noise. In addition, the OPLL is
easy to lose lock when measuring a variable OLUT.

In addition, coherent optical PDR would be affected by the
Doppler effect. The Doppler effect results in a frequency offset
between the LO signal and the probe signal, which affects the ac-
curacy of phase detection. To reduce the impacts of the Doppler
effect on phase detection, one approach is using a quadrature de-
modulator [15], [16], [17] to separate the doppler component and
the phase of the probe signal, which increases the system com-
plexity. Recently, some phase-coded-based light detection and
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Fig. 1. Schematic diagram of the proposed OTD measurement system based
on coherent detection. LD, laser diode. MZM, Mach-Zehnder modulator. AOM,
acousto-optic modulator. RF, radio frequency. OLUT, the optical link under
test. PD, photodetector. ADC, analog-to-digital convertor. DSP, digital signal
processor.

ranging (LiDAR) systems proposed the time-multiplexing [18]
method and frequency-multiplexing [19] methods to remove the
doppler frequency shift. The essence of these technologies is to
accurately measure the doppler frequency and then compensate
the frequency offset to the detected phase. It consumes additional
time and frequency resources of the ranging system. Moreover,
the computational complexity of these approaches can also be
high.

In this article, we introduce a coherent optical PDR method,
which can improve the measurement sensitivity and is suitable
for measuring variable OLUTs. In the coherent detection system,
the probe signal is a carrier-suppressed double-sideband signal,
while the LO signal has a small frequency difference from the
optical carrier. The beat photocurrent between the LO signal
and the probe signal contains two frequency components, which
carry the inverse phase error and the same OTD information.
Therefore, in the coherent demodulation process, the laser phase
noise and doppler error can be removed simultaneously in the
digital domain while keeping the OTD information unchanged.
In the experiment, benefitting from the coherent detection, the
system stability enhanced 35 times compared to the incoherent
PDR system when the system insertion loss is 30 dB. The
measurement sensitivity of the system reaches at least —80
dBm. The dynamic measurement ability in our system was also
successfully verified.

II. GUIDELINES FOR MANUSCRIPT PREPARATION
A. Static Measurement

Fig. 1 shows the schematic of the proposed coherent OTD
measurement system. The optical carrier with a frequency of w,
launched from the laser diode (LD) is divided into two branches
by an optical coupler (OC). In one branch, the optical signal is
modulated by an wy, RF signal at an electro-optic modulator
(EOM), which generates a carrier-suppressed double-sideband
(CS-DSB) signal E,,(f). Mathematically, the optical signal in
the upper branch can be expressed as:

Ey(t) = [A_1expj (—wmt) + Ay1expj (wmt)]
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Fig. 2. Optical spectrum of the combined signal in different measurement
scenes. (a) Static measurement. (b) LiDAR system. (c¢) Vibration sensor.

~exp j [wet + ¢ ()] ey

where Ay is the amplitude of the +-1st-order sideband of the
modulated signal; ((f) is the time-varying phase fluctuation of
the optical carrier induced by the laser phase noise.

The optical signal in the other branch (denoted as E4(7)) goes
through frequency shifting (FS) with a frequency of €2 by an
acoustic optical modulator (AOM), which can be written as:

Es(t) = Asexp (j[(we + Q) (E—70) + 0 (t =70)]) ()

where 7 is the fixed delay between the two branches, Ag is the
amplitude of the FS signal. Two driven signals on the different
modulators are phase-locked to the same reference source.

In order to achieve coherent detection and demodulation, the
CS-DSB signal is applied as the probe signal, while the FS signal
is used as the LO signal. There are two portions in the system,
including the measurement portion and the reference portion. In
the measurement portion, the probe signal is injected into OLUT
while the state-of-polarization (SOP) of LO signal is controlled
by a polarization controller (PC) to maximize the output power
of the coherent detection. For a large-range OTD measurement,
the SOP of the probe signal could not be stable because of the
impact of the surrounding environment. To avoid polarization
fading, some polarization diversity techniques can be applied.
Photodetector (PD1) receives the combination of the probe
signal and LO signal. The optical spectrum of the combined
signal is shown in Fig. 2(a). The photocurrent includes the beat
frequency components (wy, + 2) and (w,,—£2). The photocurrent
of the measurement portion without a DC component can be
described as:

V2

ipp1 (t) = 777&145 {A_1expj[(wm + )t + (We — wm) T

—(We+ Y10+ (t—10)—@(t—T1)]
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+ At1expj[(wm — )t — (we + wm) T
+ (we + Q)70
—p(t—70) +@(t—T7)} )

where 7 is the responsivity of PD, « is the insertion loss of the
OLUT, and 7 is the OTD under test. Similarly, in the reference
portion, the probe signal is directly combined with LO signal
without passing through the OLUT. Then, the combined signal
enters into PDy. The mathematic expression of the reference
portion photocurrent is:

V2
2
—(Q4we) 0+ ¢ (t—T70) — ¢ (t)]

+ Airexpj[(wm — Q) t+ (Q+ we) 7o
—p(t—m0)+e @)} 4)

ipDQ (t) = 77As {A_l expj [(wm + Q)t

Two-port ADC acquires the two photocurrents simultane-
ously. By applying the fast Fourier Transform (FFT) algorithm,
we can obtain the phases of the corresponding frequencies:

‘I)mea (Wm + Q) = (wm + Q) t+ (wc - wm) T

*(wC+Q) 7'0+<p (t*’l’o)*(p (t*’T)‘i’QNl’/T

(%)
Q)= (Wn— Nt — (we +wm) T

F(wet+Q) 10— (t—70)+p (t—7) +2Nom

Drnea (Wm -

(6)

Dt (Wi + Q) = (W + Q) t — (we+Q) 1o
Tt =m0) = ¢ () +2Nzm (7

Dref (Wm — Q) = (wm — Q) t+ (we + Q) 79
—@(t—10)+¢(t)+2Nam (®)

where @0, (w) and P,.¢(w) represent the phase discrimination
results of the measurement and reference portion photocurrent,
Nj to Ny are the unknown integers induced by the phase detector
to restrict the detected phase has a limited range of 2.

A phase interference cancellation method is proposed to
achieve accurate OTD measurement. The first step is to obtain
the phase difference induced by the measurement portion:

D (wm + Q) = Pea (Win, + Q) — Pref (Wi, + Q)

= (We—wm) T+ (t)—@ (t—7)42 (N1 —N3) 7
9

¢ (wm - Q) = Pppey (wm -
= (~we —wm) T (t) + @ (t—7)
+2(N2 —N4)7T

Q) — Brer (Wi — Q)

(10)

It can be seen from (9) and (10), the phase difference of the
two frequencies contains a common mode phase interference
part: ©(t)— @(t—7) + w.T. Thus, phase error in the common part

OLUT: LiDAR

telescope o e
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Fig.3. Typical dynamic measurement scenes. (a) LIDAR system. (b) Vibration
Sensor.

can be compensated by the difference calculation:

D (Wi —V)+P (Wi +Q)=—2wn,7+2 (N1 +No—N3—Ny) 7

(11

Finally, an extra phase unwrapping algorithm is performed to

remove the integer ambiguity term (i.e., 2(N1 + No— N3— Ny)-m)

in (11). Considering that the ambiguity termin (11) is an integer

multiple of 27, we can apply the modulus operator to rewrite
(11):

(@ (wm — Q) + @ (wm + D)]g, = [—20m Ty,

= — 2w TH2knm  (12)

where the symbol [x], represents the modulo operator (x mod y),
and ky, is a non-negative integer to keep —2w, 7 limited from 0O
to 2. It should be noticed that the integer &, is only determined
by the frequency wy, and OTD 7. Therefore, the calculation of
the integer k,,, can be regarded as a traditional phase unwrapping
problem. It can be solved by sweeping the frequency wy, [10].
The choice of the sweeping frequency is determined by the
accuracy of the phase detector and the measurement range. After
the phase unwrapping process, the OTD can be given by:

—[® (wm — Q) + @ (Wm + Q)5 + 2kmT
2w

T= (13)

In order to ensure that there is no measurement dead zone,
a self-calibration should be performed to remove the system
length.

B. Dynamic Measurement

In the incoherent-based OTD measurement system, the sys-
tem is immune from dynamic measurement as the doppler
frequency shift is eliminated in the process of photoelectric
conversion. However, these frequency components induced by
the Doppler effect would affect the coherent system severely
because the LO portion does not shift with the doppler frequency.
In the following analysis, two OTD measurement application
scenes, LIDAR and vibration sensors, are considered.
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In the LiDAR system, as presented in Fig. 3(a), the optical
signal from the measurement portion is frequency-shifted owing
to the Doppler effect. The doppler frequency wy is approxi-
mately 2vw./c in the reflection measurement, where v is the
velocity of the measured object and c¢ is the velocity of light.
Accordingly, the phase detector can obtain the phase difference
(W + N—wgq) and P(wy,—2 + wq). In this case, (9) and (10)
are rewritten as:

(I)(Wn1+Q_wd) - q)mea (wm+Q_wd) _(I)ref(wm +Q)
= —wat+2(We —wm +wa) T

+ot)—@({t—27)+2(Ny — N3) 7

(14)
D (wm — Q4+ wa) = Prea (W — L+ wa) — Prer (wWyy — Q)
=wat+ 2 (—we — wWm —w4a) T
—p(t)+p(t—27)+2(Ny— Ny) 7
(15)

It can be observed from (14) and (15) that the phase difference
between the two frequencies contains a common mode phase
interference part: —wq-t 4+ @(t)— @(t-27) + 2(w. + wq)7. There-
fore, phase noise and the Doppler effect within this common part
can be compensated by the difference calculation. Finally, the
OTD can be given by:

—[® (wm — Q4+ wa) + P (wm + Q—wa)]y, +2km™
4w,

TLiDAR =
(16)

From (16), we can eliminate the effect of the Doppler effect in
OTD measurement. Although wgq is an unknown component, it
does not affect the digital phase detector to extract the accurate
phase. By taking the FFT of the collected signal, we can obtain
the FFT spectra. The two peaks in the spectra correspond to
the frequency components w,,—2 + wq and wy, + Q-wq. In
PD;, the argument of the complex numbers at these frequen-
cies represents @ eq(wm + Q—wq) and Prea(wm—2 + wq),
respectively. The proposed elimination method is similar to
the Frequency-Modulated Continuous-Wave (FMCW) ranging,
which employs up-chirp and down-chirp signals. However, the
fundamental issues addressed by these two methods are differ-
ent. The FMCW ranging has the advantage of simultaneously
obtaining both velocity and range information. In the proposed
coherent PDR system, the primary object is to precisely measure
the OTD while mitigating the impact of Doppler effects.

In a vibration sensor system, the vibration acting on an optical
fiber, causing periodic changes in refractive index, is equivalent
to optical phase modulation. Thus, the optical signal in the
measurement portion can be written as:

B viv (t) = [A_1expj (—wmt) + At1 expj (wmt)]
cexp j [wet + ¢ () + 0sin (wyt)]

R~ Z I (6) - [A_pexpj (kwy — wm)t
k=0

+ Ak exp j (kwy + w) 1 (17
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where 4 is the vibration amplitude, wy is the vibration frequency,
and J}, is k™ order Bessel functions of the first kind. The optical
spectrum is given in Fig. 3(b). The OTD measurement under vi-
bration is equivalent to static OTD measurement if the vibration
component is filtered out by the IF filter, which is:

—[(I) (wm — Q) +o (Wm + Q)]Qﬂ— + 2k,
2Wm

Tvib = (18)

When the vibration frequency is lower than 10 times the IF
filter bandwidth, which is the reciprocal of the window function
width, the vibration will degrade to linear motion cases. If the
vibration frequency is slightly lower than the IF filter bandwidth,
the phase detection accuracy will deteriorate significantly.

Obviously, (13), (16), and (18) have the same form. It means
static measurement and dynamic measurement can adopt the
same demodulation method. From the above analysis, the pro-
posed coherent optical PDR system eliminates the impact of the
Doppler effect without using any additional designs of hardware
or algorithms.

III. EXPERIMENT AND DISCUSSION

In the experiments, a verification measurement system is
constructed based on the configuration in Fig. 1. A laser (Ter-
aXion, PS-TNL) with 1 kHz linewidth is applied to generate a
continuous optical carrier which is divided into two branches.
One branch is modulated at an MZM (IXBlue, MX-LN-40) to
obtain a CS-ODSB signal. The RF; signal (R&SSMB100A) has
a tunable range from 10 MHz to 31.8 GHz. The other branch
is frequency-shifted at an AOM (Gooch&Housego Inc.) with a
frequency of 200 MHz. After transmitting through the measure-
ment and reference portion, two optical signals are converted
into photocurrents at two PDs (CONQUER, KG-PD-10G). The
photocurrent is amplified by a low noise amplifier (LNA, Con-
nphy, CLN-1G18G-3025-S). An 8-bit oscilloscope (Tektronix
DSA72004B) with a sampling rate of 12.5 GSa/s is applied to
obtain the photocurrents.

A. Process of Coherent Demodulation

The coherent demodulation contains the following steps.
Firstly, the waveforms amplified by two LNAs are collected by
adual-port oscilloscope. Then an FFT algorithm is performed to
acquire the frequency response of the two waveforms. We have
set RF; at 3 GHz so that the beat frequency components are 2.8
GHz and 3.2 GHz according to (3) and (4). The FFT spectra
are shown in Fig. 4 with a rectangle window function width of
40 ps. Then the phase detection process can be accomplished
by extracting the argument of the complex number. Fig. 5(a)
and (b) present the result of phase detection from 2.8 GHz
and 3.2 GHz over 120 s. Next, we compensate the common
mode phase interference with difference calculation, as shown
in Fig. 5(c). Finally, Fig. 5(d) removed the phase jump induced
by the integer ambiguity with the remainder operation. With a
3 GHz modulation frequency, the phase fluctuation of 0.25° in
Fig. 5(d) indicates an OTD ripple of 0.11 ps by taking (13).
From the above demodulation process, the traditional technol-
ogy cannot be simply applied in coherent PDR. This is because
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the traditional PDR only employs the phase-detecting data from
Fig. 5(a) or (b). However, Fig. 5(a) and (b) mix the laser phase
noise and OTD information, providing no useful information for
OTD measurement. To broaden the OTD measurement range
over 10 us, the modulation frequency of 3.00005 GHz, 3.005
GHz, and 3.05 GHz should also be measured as the above
process. Then the unambiguous OTD can be recovered by a
traditional and simple phase unwrapping algorithm.

B. Enhancement of SNR and Sensitivity

In the coherent system, the SNR of the received signal can be
improved by increasing the power of the LO portion in theory.
For PDR technology, the enhancement of SNR would improve
the precision of phase detection. For quantitative analysis, we
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Fig. 6. Verification experiment of SNR improvement. OLUT attenuation
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attenuation of 30 dB over 300 seconds. Blue line: Measured OTD under coherent
detection; gray line: Measured OTD under incoherent detection.

establish a simple mathematical model. In digital phase detec-
tion, the theory Cramer-Rao lower bound (CRLB) can be written
as [20]:
(#)> s
ar —_
V) = N USNR

where var(.) represents the variance of the measurement param-
eter, N is the sampling number, SNR is the SNR of the detected
signal.

In the coherent detection system, assuming that the power of
LO portion is much higher than that in the measurement portion,
the thermal noise in PD can be neglected compared to the shot
noise. Thus, the SNR can be simplified as follows:

19)

SNRcoherent ~ (20)

Ui
2Bq Py
where P is the power of the measurement portion, P, is the
power of the LO portion, B is the bandwidth of the receiver
bandwidth, and ¢ is the electron charge.

On the contrary, the incoherent detection often has relatively
low power in the receiver, which means thermal noise plays a
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Fig. 11. Results of phase detection by the STFT algorithm over 0.01 seconds
when the OLUT is varied with a speed of 32 ps/s. (a) The unwrapped phase
of the 2.8 GHz signal. (b) The unwrapped phase of the 3.2 GHz signal. (c)
Measured phase after phase variation compensation. (d) Measured OTD after
phase variation compensation.

leading role:

Ry p2?
4k, TB °
where Ry, is the load resistance, k; is the Boltzmann’s constant,
and T is the absolute temperature.

Combing (19) to (21), the CRLB of the phase discrimination
under coherent and incoherent detection can be expressed by:

SNRincoherent ~ (21)

. 2B
10g [Varcoherent (99)] Z - 10g [Ps] + 10g |:]\737:| (22)

4kyT B

N-nz} (23)

IOg [Varincoherent (@)} Z -2 log [Ps] + 10g |:

From (22) and (23), the phase variance should be linearly
proportional to the power of measurement portion under loga-
rithmic coordinates. With the descent of Py, the variance of phase
detection in the incoherent system should have a double descent
speed compared with the coherent system. We evaluate the
precision improvement of the coherent and incoherent system.
A variable optical attenuator (EXFO, FVA-600) is inserted in the
OLUT with an attenuation range from 0 dB to 60 dB. The phase
variance is calculated with 100 continuous sampling results.
The performance of the amplifier is also considered. The gain
of LNA1 (RF BAY, LNA-4050) features 25 dB, and the gain
of LNA2 (Connphy, CLN-1G18G-3025-S) features 30 dB. As
observed in Fig. 6, the slope of the fitted straight line (written
as k) fits well with (22) and (23). The additional error may be
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TABLE I
COMPARISON OF TYPICAL OTD MEASUREMENT METHODS

Method Technology Accuracy Sensitivity Doppler effect
Commercial OTDR [22] 3.25ns -70 dBm Immune
Commercial dispersion analyser [23] +5ps” -40 dBm Immune
Incoherent
Commercial PDR [21] +0.5 ps -34 dBm Immune
Typical PDR method [10] 0.05 ps -30 dBm Immune
Commercial OFDR [24] 1ps -115 dBm Non-immune
Coherent Typical phase shift method [16] 20 ps” -72 dBm Immune
Proposed work +0.08 ps” -80 dBm Immune

" The receiving optical power is less than -40 dBm.

induced by the background noise from the oscilloscope. The
coherent system is not sensitive to the signal power compared
to the incoherent system under the same amplification gain. It
also can be seen that the coherent system provides an absolute
advantage in phase detection when the insertion loss of the
OLUT is above 15 dB. Thus, based on the results obtained in this
study, we can conclude that the SNR of received signal can be
enhanced by the coherent PDR method according to theoretical
and experimental investigations.

Next, Fig. 7 gives the system OTD fluctuation of the coherent
and incoherent systems. It should be noted that environment
temperature determines the drift of the OTD while the SNR of
the signal determines the fluctuation. The insertion loss of the
attenuator is set at 30 dB. During a period of 300 seconds of
measurement, the fluctuation of the coherent system is below
+ 0.2 ps while that of the incoherent system is above +7 ps,
indicating the measurement precision is increased by 35 times.

To analyze the system accuracy and sensitivity, we take a
motorized variable ODL (General Photonics MDL-002) with
an accuracy of £10 fs to verify the accuracy of the proposed
OTD measurement system. The ODL is swept from 1 ps to
10 ps with an interval of 1 ps. As illustrated in Fig. 8(a), the
measured OTD deviation from the set value is within £0.04 ps
when the receiving power is -15 dBm. When the receiving power
is reduced to —45 dBm, the deviation is increased to £0.08
ps. With a low receiving power of —80 dBm, the accuracy of
the measurement system is still better than £0.9 ps. We also
test the system stability when the receiving power is —80 dBm.
In Fig. 8(b), the system fluctuation is within +1.8 ps. In the
experiment, it shows the measurement sensitivity of the system
reaches at least —80 dBm, which is 46 dB higher than that of
commercial PDR products [21]. What’s more, the sensitivity
can be further increased by using a 14-bit digitizer and lock-in
amplifier.

C. Dynamic Measurement

To explore the influence of dynamic measurement in the
proposed coherent OTD measurement system, two experiments
are carried out respectively. For vibration sensing, the optical

fiber with a length of 3 m is wrapped around a piezoelectric
ceramic. Due to the piezoelectric effect, the wrapped optical fiber
is vibrated with the applied voltage on the piezoelectric ceramic.
The frequency of the applied voltage is set from 20 kHz to 120
kHz with an interval of 20 kHz. The FFT spectra of the optical
current around 2.8 GHz are shown in Fig. 9, which fits well with
the theoretical analysis in (24). In the experiment, the window
function width is set as 20 us, corresponding to an IF bandwidth
of 50 kHz. Fig. 10 shows the measured OTD of the fiber with a
duration time of 300 s, in which the blue and red lines represent
the measured OTD under 120 kHz and 40 kHz vibration. When
the vibrating frequency is below the IF bandwidth, the modulated
frequency components are leaked into the 2.8 GHz and 3.2 GHz.
Vector superposition of the received signal and modulated signal
affects the phase detection result. When the vibration frequency
is 120 kHz, the OTD fluctuation is below +0.06 ps. In compari-
son, for the 40 kHz vibration frequency, the OTD fluctuation
deteriorates to £5 ps. It implies that the proposed coherent
system can eliminate the high-frequency vibration effect with
a narrower IF filter in the receiver. It should be noticed that
the IF filter bandwidth can be narrower by directly increasing
the window function width. However, a larger window function
width would consume additional time resources, which should
be carefully considered based on the specific measurement
requirements.

In the low-speed motion experiment, to illustrate the impact
of the Doppler effect, a motorized variable ODL is chosen as
the OLUT. The sweeping speed of the ODL is set at 32 ps/s
first. Considering that the processing time of ADC is much
greater than the sweeping time of the ODL (almost several
hundred milliseconds), we extract a length of 10 ms signal from
the oscilloscope. Short-time Fourier transform (STFT) with a
window function width of 16 s is used to analyze the collected
signal, with an overlap percentage of 50%. The phase of w,—)
+ wgq and wy,, + Q-wq can be extracted with an interval of
8 ps. The results of phase detection are shown in Fig. 11(a)
and (b), respectively, with the unwrapped phase presented to
show the impact of the Doppler effect. The total phase shift of
the two signals is 19872.4° and -19828.1°, respectively. Since
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Fig. 12.  Measurement OTD of sweeping ODL with a speed of (a) 110 ps/s,

(b) 140 ps/s, (c) 170 ps/s, (d) 190 ps/s, (e) 210 ps/s, (f) 230 ps/s.

the sweeping speed is set as 32 ps/s, the doppler frequency
can be calculated as 6.128 kHz (i.e., fg = vfc/lc = 32 ps/s
x191.5 THz /10'? ps/s). Theoretically, the doppler frequency
shift would induce a phase shift of 22060.8° (6.128 kHz x 10 ms
x360°) over 10 ms. Fig. 11(c) shows the results of the measured
phase after phase variation compensation, which eliminates
both the effect of the Doppler effect and laser phase noise.
Finally, Fig. 11(d) gives the measured OTD result, with the
dotted line indicating the theoretical change of OTD. Fig. 12
shows the measurement results of ODL at different speeds,
including 110 ps/s, 140 ps/s, 170 ps/s, 190 ps/s, 210 ps/s,
and 230 ps/s, all of which are consistent with the theoretical
values.

IV. CONCLUSION

Table I gives the performance comparison. The sensitivity
of the incoherent systems is usually higher than —40 dBm,
except for optical time domain reflectometry (OTDR) [22]. The
OTDR-based methods measure OTD by the position of the probe
pulse, which means a relatively low SNR is enough for measure-
ment. But it has limited accuracy since a narrow-width pulse
is challenging for generation and detection. Other incoherent
methods require a high SNR for phase detection to obtain OTD
measurement. However, incoherent systems have no advantage
in obtaining high SNR when the receiving signal is weak. The
coherent systems usually have a higher sensitivity. The optical
frequency domain reflectometry (OFDR) [24] method has a
sensitivity of —115 dBm but cannot measure variable OTD. The
phase shift method [16] eliminates the doppler frequency by
applying a quadrature demodulator to achieve the measurement
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of variable OTD, increasing the system’s complexity. Mean-
while, the measurement accuracy of the phase shift method is
due to the narrow frequency aperture, usually several MHz. In
our system, the frequency aperture is 6 GHz, and thus has an
almost 10° times accuracy improvement. Moreover, by furtherly
optimizing the receiver, the sensitivity of the proposed system
has the potential to reach the sensitivity of commercial OFDR
products.

In conclusion, we demonstrated an optical PDR method based
on coherent detection and demodulation to improve the OTD
measurement sensitivity. The effectiveness of removing the laser
noise and doppler error has been presented. Theoretical anal-
ysis and experimental verification indicated that the coherent
optical PDR improves the measurement SNR compared to the
traditional incoherent PDR. In the experiment, for the static
measurement, a measurement accuracy of +0.08 ps and a system
fluctuation of 0.2 ps was obtained with an attenuation of 30 dB.
The system measurement sensitivity reaches —80 dBm, which
is 46 dB better than the commercial PDR products. For the
dynamic measurement, with a narrow band IF filter, the effect
of high-frequency vibration can be eliminated. In addition, the
relative motion of OLUT would not induce extra measurement
error. The proposed coherent optical PDR system would have the
potential for the application of integrated photonic chips, out-
door free-space optics, LIDAR systems, and fiber-optic sensing
networks.
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