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Abstract—Optical fiber transfer delay (OFTD) measurement
with high accuracy and stability is an urgent demand for many
applications such as fiber-optic sensors and fiber-based
distributed systems. In this article, we propose a novel method
using fiber-optic microwave interferometry to meet the above
practice demand. Two incoherent optical carriers with different
wavelengths are coupled into an intensity modulator driven by a
microwave signal. The intensity-modulated signal is then divided

into two portions through a dense wavelength division multiplexer.

One portion directly passes through the reference path while the
other undergoes the transfer delay of a fiber under test (FUT).
After photo-detection, two probe signals that undergo different
delays are recovered and superimposed. By sweeping the
microwave frequency, periodic microwave interference fringe is
generated. Then, OFTD measurement is achieved by measuring
the frequency of the last valley in the interference fringe.
Experimental results show that a system stability of 40.02 ps, an
accuracy of #0.07 ps, and a measurement range of at least 500 m
are achieved.

Index Terms—Optical transfer delay measurement, fiber-optic
microwave interferometry, microwave measurement.

I. INTRODUCTION

PTICAL fiber transfer delay (OFTD) measurement with
high accuracy is critical for applications in fiber-optic
sensors, optical phased array antenna systems, and optical fiber
communications [1]-[11]. In recent decades, a variety of
technologies have been proposed for the OFTD measurement,
such as time domain measurement techniques, frequency
domain measurement techniques, and the measurement
techniques based on phase-derived ranging [12].
For the time domain based techniques, a widely used method
is pulse-based optical time domain reflectometry (OTDR) [13],

This work was supported in part by the National Natural Science Foundation
of China (Nos. 62075095 and 61527820), Young Elite Scientists Sponsorship
Program by CAST (2018QNRCO001), and Fundamental Research Funds for the
Central Universities. (Corresponding authors: Xiangchuan Wang and Shilong
Pan)

Shupeng Li, Ting Qing, Xiangchuan Wang and Shilong Pan are with the
Key Laboratory of Radar Imaging and Microwave Photonics, Ministry of
Education, Nanjing University of Aeronautics and Astronautics, Nanjing,
210016, China. (Email: wangxch@nuaa.edu.cn, pans@nuaa.edu.cn).

Jianbin Fu is with the Key Laboratory of Radar Imaging and Microwave
Photonics, Ministry of Education, Nanjing University of Aeronautics and
Astronautics, Nanjing, 210016, China, and also with the Suzhou LiuYaoSi
Information Technologies Co., Ltd, Suzhou, 215500, China.

which features large measurement range (typically 2 ms).
However, due to the employment of a relatively wide probe
pulse, this method has a low accuracy (typically 10 ns at 1 km).
To improve the accuracy, a correlation OTDR with
pseudorandom pulse sequences or chaotic waveform was
proposed by correlating the reference and echo probe signals to
achieve OFTD measurement [14], [15]. The typical accuracy
was improved to 0.3 ns at 20 km. However, the correlation
OTDR depends on high-speed analog to digital converter
(ADC), inducing a huge amount of computation.

For the frequency domain based techniques, optical
frequency domain reflectometry (OFDR) is the most mature
commercial technology, which usually applies linearly
frequency swept light generated from a tunable laser [16]. The
beat of reference and echo probe light is used for the OFTD
measurement. Benefitting from the wide frequency range of the
probe light, OFDR features high accuracy in short-distance
measurement. However, its accuracy will be significantly
degraded with the increase of fiber length due to the frequency
noise of the tunable laser (typically 5 ps at 2 km). Besides,
limited by the coherence length of the tunable laser, OFDR
usually has a small measurement range (typically several
kilometers). To improve the measurement range, a
mode-locking method was proposed by converting the OFTD
measurement into the repetition frequency measurement of the
mode-locked pulse [17] with a typical accuracy of 250 ps at 100
km. However, the implementation of long-term stable
mode-locking is very complicated and time-consuming. To
avoid the complex mode-locking operation and reduce the
measurement time, a simpler technique based on a free-running
laser configuration was proposed. The mode beating frequency
was measured to determine the OFTD with the measurement
time reduced to several minutes [18]. To further enhance the
measurement speed, J. W. Dong et al. proposed a
phase-locked-loop-based method [19] featuring a higher speed
of several seconds per measurement and a better accuracy of 1
ps at 50 km. The key to this method is converting the OFTD
measurement into the frequency measurement of a RF signal.
Nevertheless, a 5-km fiber should be inserted in advance to
eliminate the dead zone, which introduces a measurement
uncertainty of 0.5 ps.

The OFTD measurement based on phase-derived ranging is a
newly proposed technology. For example, reference [20]
converts the OFTD measurement into the phase variation
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}‘ > Optical modulator [NRAGeE OTDR [13] ~ 10 ns 1km

| Optical coupler . . SN JAPAN C-OTDR [14] ~ 0.3ns 20 km

VoA WO OFDR [16] ~ 5ps 2km
DUT Fiber laser [17] ~ 250 ps 100 km
Power detector [ ife—(ff—= Fiber laser [18] ~ 28 ps 100 km

pp  Optical coupler

Reference path Phase-locked loop [19] 40.538 ps + ps 50 km

Fig. 1. Experimental set-up for the fiber-optic microwave interferometer. Phase-derived ranging [20] 0.1ps #0.1ps 20 km
VOA: variable optical attenuator; MBC: modulator bias controller; DWDM: Phase-derived ranging [21] +0.04 ps +0.05 ps 37 km

dense wavelength division multiplexer; DUT: device under test; PD:
photodetector.

measurement of a RF signal, in which the 2r phase ambiguity is
solved by linear microwave frequency sweeping. This method
has a high accuracy of #0.1 ps and a large dynamic range of 20
km. However, when measuring large OFTD (e.g., long fiber),
linear frequency sweeping requires thousands of frequency
points, which would greatly increase the measurement time
(typically several seconds). To improve the measurement speed,
a nonlinear frequency sweeping method with a novel phase
unwrapping algorithm is proposed to resolve the 2m phase
ambiguity [21]. However, due to the lack of a reference path to
eliminate system variation, this method has a relatively low
system stability (typically 0.04 ps).

The key performance of above-mentioned OFTD
measurement approaches is summarized in Table I, in which
the system stability, measurement accuracy and measurement
range are considered.

In this paper, an OFTD measurement based on fiber-optic
microwave interferometry featuring high accuracy, high
stability, and simple structure is characterized. A microwave
modulated signal is divided into two portions and transmitted
through an optical reference path and measurement path,
respectively. After photo-detection, microwave interference
occurs. As the microwave frequency is scanned, an interference
fringe is generated to derive the OFTD. Similar concepts can
also be seen in the community of fiber sensing and Lidar system
[22-23]. Firstly, the principle and system structure is given in
section II. Then experimental demonstration and discussion are
introduced in section III. In an experiment, an
ultrahigh-accuracy variable optical delay line and a 500-m fiber
are used as the devices under test (DUTSs), validating that a
system stability of #0.02 ps, an accuracy of #0.07 ps, and a
measurement range of at least 500 m can be achieved. And
finally, the conclusion is drawn in section IV.

Il. PRINCIPLE

The schematic diagram of the proposed OFTD measurement
method based on fiber-optic microwave interferometry is
shown in Fig.1. Two incoherent optical carriers are generated
by a 1550.12-nm laser source and a 1551.72-nm laser source. A
variable optical attenuator (VOA) is used to finely tune the
optical power of the 1550.12-nm carrier. Then, the two carriers
are coupled into an intensity modulator driven by a swept

microwave signal. The intensity modulated signal is divided
into two portions through a dense wavelength division
multiplexer (DWDM). One portion goes directly through the
reference path while the other is transmitted through a DUT in
the measurement path. After photo-detection, two microwave
signals with different delays are recovered and superimposed.
As the frequency of the microwave signal is linearly scanned, a
periodic interference fringe is generated to calculate the OFTD.

Mathematically, the optical field of the intensity modulated
signal launched into the DWDM can be written as

Ey (t)=E, (1+ M cosw,t)exp( je,t) 0
+E, (1+ M cos o, t)exp( jort)

where M is the index of modulation, wm is the angular
frequency of the microwave signal, E; and E are the amplitudes,
oy and wy are the angular frequencies of the optical carriers,
respectively. Then, the input signal of the PD can be described
as

E(t)= 0\{/? [1+ M cosm, (t -7, —T)]exp[ja)p (t-7, —T):|

/ &)
+—=(1+ M cosw,t)exp( jort)

NA

where 1q is the delay difference between the measurement path
and the reference path without DUT, a and z are the loss and
transfer delay of DUT, respectively. After square-law detection
in the PD, the recovered microwave signal with the frequency
of wm is

i(t)=na’EiMcosa, (t—7,—7)+nE’Mcose,t  (3)

where 7 is the responsivity of the PD. After simplification, the
log amplitude of i(t) can be given by

A(w,)=10l0g,, (E/ +a'E; +2”EJE} cosw, (7, +7))

4
+20l0g,, (7M) ®

It can be seen that, as the microwave frequency is scanned, the
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Fig. 2. Optical spectrum of the generated dual-wavelength intensity

modulated signal when a 10 GHz RF signal is applied. The red and black

dotted lines are the spectral responses of the DWDM channel C34 and C32,

respectively.
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Fig. 3. Frequency response of the measurement system. (a) before calibration;
(b) after calibration.
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log amplitude A(wm) varies with frequency and has a period of
1/(rot+7). Thus, the frequency location of each valley in the
microwave interference fringe can be expressed as

1 1
fk:(k_ij'%ﬂ ©)

where k is the ordinal number of the valley. Then, the transfer
delay of the DUT can be given by

T:(k—%)fik—ro (6)

It should be noted that, before measuring the DUT, an initial
measurement should be performed to achieve 7o, wherein the
two test ports are directly connected. In addition, the theoretical
delay resolution can be derived from (6) and written as

1 fres res
z-r(-_‘s =(k_§j sz =(T+T0)- fk (7)

where fres is frequency step of the microwave swept signal. As
seen from (7), the theoretical delay resolution is inversely
proportional to fi. Therefore, to acquire a higher delay
resolution, the last valley with the largest frequency in the
measured interference fringe should be used to calculate the
OFTD.

I1l. EXPERIMENT AND DISCUSSION
An experiment is performed based on the setup shown in Fig.

1. A 4-port tunable laser system source (TLS, Keysight
N7714A) with a linewidth of < 100 kHz generates two optical
carriers, wherein the carrier wavelength is set to 1550.12 nm
(center wavelength of DWDM ITU channel C34) and 1551.72
nm (center wavelength of DWDM ITU channel C32),
respectively. The power of the 1550.12-nm carrier is finely
tuned by a variable optical attenuator (VOA, Keysight N7764A)
with a resolution of 0.01 dB. Then, the two carriers are coupled
into a Mach-Zehnder modulator (MZM, Fujistu FTM7928FB)
driven by a microwave signal from a microwave vector
network analyzer (VNA, R&S ZVAG67). A modulator bias
controller (MBC, YY Labs Inc.) is used to keep the MZM
biased at the quadrature point. The intensity modulated signal is
then divided by a dense wavelength division multiplexer
(DWDM). A photodetector (PD, Discovery DSC40S) with a
3-dB bandwidth of 14 GHz and the VNA are used to extract the
magnitude. It is worth mentioning that using a single PD to
detect two optically carried RF signals can help to reduce
system complexity and improve stability. An optical spectrum
analyzer (OSA, Yokogawa AQ6370C) monitors the optical
signals with a resolution of 0.02 nm. To stabilize the
measurement system, an incubator with a precision of £0.1 °C
is used to control the temperature of DWDM, reference path,
and optical coupler.

Figure 2 shows the optical spectrum of the dual-wavelength
intensity-modulated signal when a 10 GHz RF signal is applied.
It can be seen that the two carriers are located exactly at the
centers of the DWDM channel C32 and C34, respectively. The
Hst-order sidebands are in the flat-top region of the DWDM,
which ensures Flst-order sidebands immune to the suppression.
Figure 3 shows the frequency response of the proposed
measurement system before calibration and after calibration,
wherein the measurement path is disconnected. As can be seen
from Fig. 3(a), the wideband frequency response of the
modulator and PD is curved, inducing a worse effect on
searching for the frequency location of the valley in the
interference fringe. Therefore, a thorough calibration should be
used to obtain a flat system response. As shown in Fig. 3(b), the
normalized system response is flat and its fluctuation is less
than +0.5 dB.
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Fig. 4. (a) The measured microwave interference fringe without DUT. (b) The
last valley of the measured microwave interference fringe.

A. Stability

To assess the system stability, the measurement of 7, without
DUT is performed by directly connecting two test ports of the
measurement path.

Figure 4 shows the measured microwave interference fringe
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Fig. 5. Evaluation of system stability. (a) The measured microwave
interference fringe with a frequency step of 500 Hz, wherein the start
frequency is 11.97141 GHz and the red line is the fitted line. (b) The
fluctuation of z.

with a repetition period of ~63.12 MHz. According to (5), the
frequency location of the first valley is ~31.56 MHz = (1-1/2)
>63.12 MHz, which is larger than the minimum measurable
frequency point (10 MHz) of the VNA. Therefore, the first
valley is included in the measured interference fringe ensuring
that the ordinal number of the last valley can be determined as
191 without ambiguity. According to (7), as the frequency
location of the last valley is ~11.972 GHz, a delay resolution of
1 fs requires a frequency step of at least 752.3821 Hz. Thus, a
fine frequency sweeping with a frequency step of 500 Hz
around 11.972 GHz is applied. The measured microwave
interference fringe is shown in Fig. 5(a), wherein the magnitude
fluctuation at the valley is ~10 dB. In peak seeking, the 10-dB
magnitude fluctuation will cause a large measurement
uncertainty. So, we fit the interference fringe to extract the
frequency of the last valley (11.9716015 GHz). Finally, 7o can
be calculated as 15.912658 ns = (191-1/2)/ 11.9716015 GHz.
To assess the long-term system stability, the measurement of 7,
is performed for 9000 seconds. As can be seen in Fig. 5(b), the
fluctuation of 7o is within #0.02 ps, which shows high stability.
In addition, it needs to be explained that, because the resolution
bandwidth (RBW) of the VNA is increased from 1 kHz to 100
Hz, the valley magnitude shown in Fig. 5(a) is about 25 dB
lower than that shown in Fig. 4(b).
According to (6), the delay uncertainty can be given by

51':['(—3)24-52’0=(T+T0)£+5TO 8)
2) f, f,

where of is the uncertainty of the frequency location, oo is
determined by the temperature fluctuation 6T and the DWDM
thermal coefficient on (11 ppm). In our experiment, JT is
determined by the temperature control precision (0.1 °C) of the
incubator. Therefore, the theoretical value of oo is calculated as
0.0174 ps=zo 0T on. In addition, as seen in Fig. 6, oJf is also
determined by the amplitude uncertainty JA, interference depth
D, and free spectral range FSR=1/(z+10). According to (4), these
parameters satisfy the following equations:

201log,, [A(% +of D —20log,, (A(?D =0A

9)
20log,, (A(FSR))—20log,, (A(?D =D

oA
of
0 FSR

Fig. 6. The simulated interference fringe.
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Fig. 7. The amplitude uncertainty (a) and Q value (b).

After simplification, (9) can be rewritten as

_sf 101 10°4 -1 L
- 100/10_1_

= ———arccos(zx

Q FSR 2 2=

(10)

Then, (8) can be rewritten as

or = 2+c3z'0
f

(11)

By changing the attenuation of the VOA, different
interference depths are achieved while the corresponding
amplitude uncertainty is also obtained as shown in Fig. 7(a),
wherein the RBW of the VNA is set to 100 Hz. Then,
according to (10), Q can be simulated. It can be seen from Fig.
7(b) that Q decreases monotonically as the interference depth
increases and eventually tends to 0.001032. In our experiment,
limited by the 3-dB bandwidth of the PD and linear phase
bandwidth of the DWDM, fy is < 12 GHz. Therefore, the
theoretical delay uncertainty induced by the frequency
measurement is > 0.086 ps. To reduce the measurement
uncertainty, fitting is applied in our experiment. Experimental
results show that the total delay uncertainty can be reduced to
0.02 ps.

B. Accuracy

To verify the measurement accuracy, a motorized variable
optical delay line (MDL, General Photonics MDL-002) with a
resolution of <1 fs and an accuracy of #0.01 ps is used as the
ultrahigh-accuracy reference.
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Figure 8 shows the interference fringe when the MDL was
connected to the measurement path and set at the zero position.
It can be seen that the ordinal number of the last valley is 320
and the frequency location is ~11.9665 GHz. According to (5),
as the OFTD changes, the location variation of a valley can be
given by

sz
k-12

Af, =— At (12)

where the negative sign indicates the direction of the OFTD
variation. According to (12), if the MDL delay changes from 0
to 10 ps, the frequency location shift of the last valley is about
-4.482 MHz. Therefore, we sweep the frequency from 11.9615
GHz to 11.967 GHz with a step of 1 kHz and then change the
MDL delay from O ps to 10 ps with a step of 1 ps. The measured
interference fringes are shown in Fig. 9. Due to the MDL
insertion loss variation of #0.5 dB, the depths of the 11
interference fringes are different. To verify the reliability of the
experiment, three measurements were applied and the
corresponding derived OFTDs are shown in Fig. 10(a), which
agree well with the set values. As can be seen from Fig. 10(b),
the OFTD deviation from the set value is within #0.07 ps. Thus,
an accuracy of #0.07 ps is achieved.

C. Measurement Range

From (5), it can be seen that the ordinal number k achieved by
counting the number of interference fringe valleys has an
integer ambiguity, when the frequency location of the first
valley fi is less than the minimum frequency of the microwave
swept signal fmin. Therefore, the maximum measurable delay
can be calculated as 1/2fmin -70. In the experiment, fmin is
determined by the VNA with a minimum output frequency of
10 MHz. Thus, the theoretically maximum measurable delay is
34.144314 ns.

To improve the measurement range, the integer ambiguity of
the ordinal number is resolved by linear frequency sweeping
and fast Fourier transform (FFT). First, a microwave
interference fringe in the frequency range of [fs, fe] is measured.
Then, a coarse FSR can be calculated as f; by FFT. Finally, the
number of valleys included in the frequency range of (0, fs) can
be derived as N=floor(fs/fi+1/2), where floor(.) denotes round
towards minus infinity. According to Nyquist sampling law, the
maximum measurable delay is determined by the frequency
sweep step. In the experiment, the maximum number of
measurement points is 60001 (limited by VNA) and the
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Fig. 9. The measured microwave interference fringes under the test of MDL

when its delay changes from 0 ps to 10 ps with a step of 1 ps.
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Fig. 10. Evaluation of measurement accuracy. (a) The measured MDL delay
when it changes with a step of 1 ps. (b) The measurement deviation.

frequency range is [10 MHz, 12 GHz]. Therefore, in a single
scan, the frequency step fes can reach 199.833 kHz=(12
GHz-10 MHZz)/60000. The maximum measurable delay is
calculated as ~2.486 us=1/2frs-70. If the VNA’s memory
capacity is increased, the number of measurement points can be
significantly increased. Then, the measurement range can be
greatly improved. In addition, inspired by signal processing
techniques coming from FMCW radars, the measurement range
can also be improved using a wideband LFM signal instead of
the current stepped frequency signal.
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Fig. 11. Evaluation of measurement range. (a) The measured microwave
interference fringe under the test of a 500-m fiber. (b) The last valley of the
measured microwave interference fringe. (c) The fast Fourier transform of the
measured interference fringe with linear magnitude. (d) The measured
interference fringe with a frequency step of 100 Hz and an RBW of 10 Hz,
wherein the start frequency is 11.9998225 GHz and the red line is the fitted line.

To demonstrate the measurement range in a single scan, a
500-m fiber is measured. Figure 11(a) shows the measured
interference fringe. After the logarithmic amplitude is
converted into linear amplitude, Fig. 11(c) is achieved by FFT.
Then, the coarse FSR is calculated as 405.2592
kHz=1/(2467.556296 ns). Thus, the ordinal numbers of the
valleys shown in Fig. 11(d) is derived as 29610=floor(10
MHz/405.2592 kHz+1/2)+29585. Finally, the transfer delay of
the 500-m fiber can be calculated as 2451.581661 ns, which
agrees well with the measured delay of 2451.6 ns by using the
delay measurement application of VNA. This result shows that
the measurement range of the proposed system reaches at least
500 m.

IV. CONCLUSION

We have demonstrated a novel method for the OFTD
measurement, which features high stability and high accuracy
simultaneously. A system stability of +0.02 ps and an accuracy
of #0.07 ps were achieved in the experiment. A 500-m fiber
was also successfully measured, which proves that a
measurement range of at least 500 m can be obtained.
Benefitting from the high stability, high accuracy, and simple
structure, the beam sidelobe suppression ratio of optical phased
array antenna systems and the positioning accuracy of 5G
systems can be improved. We believe the proposed method
may find applications in fiber-optic sensors, optical phased
array antenna systems, and large-capacity optical fiber
communications. In addition, if polarization-management
technology is applied to the measurement path, the proposed
system can be implemented using integrated photonics, which
will bring a wider range of applications.
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